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acid + particulate nitrate) chemical 
removal pathway in ambient polluted 
air is discussed. 
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It is Shown that the mutagenicity of 
particulate emissions from heavy-duty 
diesels is several times that of emis
sions from gasoline-powered vehi
cles. 
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EDITORIAL 

MacDonald's farm today 
Old MacDonald still has his farm and his herd of 

ferthings . These animals, it may be recalled, are sus
ceptible to a fatal water-borne disease called hyfer
titus. a Two decades ago, on the basis of an economic 
model, MacDonald installed a water treatment unit 
called a "Disinfeclarminator" to destroy the patho
gens that caused hyfertitus. The results were mor( 
groats (profit) for MacDonald, practical experience 
in statistics and epidemiology for his daughter, Ho
noria, and a sale for Young Sam, the equipment 
salesman. Furthermore, the model for ferthings was 
applied to people by Honoria's professor to provide a 
rationale for the setting of all criteria, standards, or 
rules for administration of man's environment. Among 
the professor'S several conclusions was the observation 
that "The setting of any quality criterion or standard 
relating to health and well-being inevitably entails 
making an implicit estimate of a cost:benefit ratio 
based on whatever data or other factors are available 
for judgment." The professor's results were well re
ceived by academics in ivory towers and also by some 
engineers in practice, but were largely ignored by 
public decision makers. 

Events have occurred that are causing MacDonald 
to reexamine the technology used for a conventional 
Disinfeclarminator in water treatment. A powerful 
oxidant, oozine, is used to destroy the pathogens. This 
chemical also reacts with naturally occurring organic 
substances found in all water sources to form 
polyoozopanes (POPs), substances that may exert 
toxic effects on ferthings. Furthermore, like all water 
and wastewater treatment systems, each Disinfec
larminator unit produces a waste requiring disposal. 
The question 'To treat or not to treat?" answered 
succinctly by the economic model, has been replaced 
by "Where to dump?" The question is clear but the 
answer is not. 

Federal legislation has restricted the discharge of 
pollutants into surface waters and the atmosphere and 
also encouraged the land disposal of wastes. The 
purposes of this legislation are laudable, and many of 
the results are beneficial to humankind and to the 
environment. Other returns are of less value or even 
detrimental. In MacDonald's case, substances for
merly discharged to the environment are being 
stockpiled, awaiting disposal. "Zero discharge" to 
surface waters can merely mean relocation to another 
site. 

New knowledge has changed both the costs and the 
benefits in MacDonald's economic analysis. It is true, 
as stated by Honoria's professor, that "To set a cri
terion is to impute a cost-benefit ratio." It is also true 
that developments in science and technology change 
this cost-benefit ratio. The changes may be favorable 
or unfavorable. A consequence of these changes is that 
rules require reevaluation. 

The control of environmental quality involves 
complex social, legal, pOlitical, economic, scientific, 
and technological issues. For some time administrative 
solutions have been promulgated with insufficient 
regard for the advice of Honoria's professor and for 
scientific and technological understanding. What is 
MacDonald to do about the POPs in his water and the 
wastes from his treatment plant? What is society to 
do with its pollutants? As we reevaluate our rules, let 
us use science, technology. and economics more ex
tensively and more advantageously than in the past. 
The alternatives are expensive and ineffective. 
a Thomas, Harold A., Jr. The Quarterly Journal of Economics J%3, 
LXXII, 143-48. reprinted in Journal of the American Water Works As
sociation J964, 56, 1087- 91. 
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Educational opportunities 
Dear Sir: The Harvard School of 
Public Health is seeking candidates for 
enrollment in its graduate programs in 
occupational and environmental 
health. People qualified for enrollment 
range from recent bachelor's degree 
recipients to mid-career professionals. 
Areas in which enrollees can specialize 
include air pollution control, occupa
tional health, industrial hygiene, ra
diation protection, and environmental 
health management. Supplementing 
the teaching program are extensive 
opportunities for research, both for 
MS and doctoral candidates, in the 
development and application of tech
niques for monitoring worker and 
public exposures to airborne particu
lates and gases, the development of 
mathematical models for estimating 
exposures in indoor and outdoor envi
ronments, air and gas cleaning in
cluding the control of naturally oc
curring airborne radionuclides in 
buildings, the application of physical 
and chemical methods for identifying 
the sources of specific environmental 
contaminants, and the evaluation of 
associated risks. A range of traineeship 
and fellowship support is available. 
The deadline for applying for fall 1983 
admission is March I, 1983. Potential 
applicants should contact the De
partment of Environmental Health 
Sciences, Harvard School of Public 
Health, 665 Huntington Ave., Boston, 
Mass. 02115; (617) 732-1169. 

Dade Moeller, chairman 
Dept. of Environmental Health Sciences 
Harvard School of Public Health 
Boston, Mass. 02115 

Drinking water disinfectants 

Dear Sir: I read with interest the fea
ture article on drinking water disin
fectants in the October issue. (ES & T, 
Vol. 16, No. 10, p. 554A) Last year 
this time I was a Fulbright-Hays Se
nior Lecturer in Liberia, West Africa. 
Before drinking the water there it had 
to be filtered, boiled 20 minutes, and 
refiltered. 

One of the true pleasures in return
ing to the U.S. is being able to drink 
water from the tap. 

LETTERS 

I ask your readers to keep the wa ter 
problem in perspective. The major 
public health problem the world faces 
is supplying its developing population 
with "safe" drinking water. Most of 
these people face a lifetime of chronic 
"runny belly." While we in the U.S. 
are concerned with mutagenic effects 
of disinfectant by-products in order to 
prolong our life to an excess of 70 
years, the remaining three-fourths of 
the world is plagued by contaminated 
water. 

Let us not neglect these people with 
the greatest need. 

Robert J. Hargrofe 
Associate Professor of Chemistry 
Mercer University 
Macon, Ga. 31207 

Dear Sir: In the October 1982 ES & T 
feature article " Health effects of 
drinking water disinfectants and dis
infectant by-products" by R. J. Bull, 
several facts pertinent to the evaluation 
of drinking water disinfectants have 
been omitted. Bull cites several animal 
studies (I, 2) in a discussion of chlorite 
and its role in methemoglobinema and 
hemolytic anemia. Bull failed to re
port, however, that in a recent study 
human adult males were given drink
ing water with various levels of chlo
rine dioxide, chlorite, chlorate, chlo
ramine and chlorine (3, 4). Quoting 
from that report, " In general, the study 
affirmed the relative safety and toler
ance of normal, healthy adult males 
and normal, healthy adult male G-
6-PD deficient individuals to daily 
twelve week ingestion of 500 mL of 
chlorine disinfectants at a concentra
tion of 5 mg/ L." This report was 
sponsored by the U.S. EPA Health 
Effects Research Laboratory, project 
officer R. J. Bull. 

In a recent epidemiologic study also 
conducted by U.S. EPA Health Ef
fects Research Laboratory (5), 198 
persons were e)(posed for 3 months to 
drinking water disinfected with chlo
rine dioxide. Bull does cite this report 
but does not mention the finding that 
this "study failed to identify any ad
verse effects associated with a twelve 
week exposure to chlorine dio)(ide 
disinfected drinking water." 

Finally, in Bull's discussion of the 
carcinogenic and mutagenic activity of 
a disinfected water supply, he states, 
"Previous work has shown that treat
ing Ohio River water with either 
chlorine, ozone or chloramine in
creased the numbers of tumors in 
SENCAR mice ... " What Bull fails 
to mention is that in the same experi
ment Ohio River water treated with 
chlorine dio)(ide and dosed to the 
SENCAR mice in the same manner as 
the other disinfectants did not produce 
tumors in the test animals (6). 

I agree with Bull's opinion that it is 
" .. . too early to provide any definitive 
answer to the question of the relative 
health risks of the various drinking 
water disinfectants." But excluding 
pertinent experimental and epidemi
ological data from a review article will 
not expedite the process of assessing 
the hea lth effects of drinking water 
disinfectants . 

Marco Aieta 
143-B Escondido Village 
Stanford, Calif. 
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Author's response 

Dear Sir: In some respects Marco 
Aieta's comments concerning my ar
ticle in the October issue of ES & Tare 
justified . However, I would like to 
point out that this paper was essen
tially a reprinting of the paper I pre
sented at Asilomar at the 4th Confer
ence on Water Chlorination. Dr. Jo
seph Bianchine reported on the human 
studies at the same conference, 
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Therefore, I felt it inappropriate to 
present Dr. Bianchine's data in my 
paper. This explains the lack of refer
ence to the human studies in the 
ES & T article. 

It should be noted, however, that the 
conclusion quoted by Aieta does not 
rule out an effect in humans. The 5 
mgjL dose used in the clinical study 
was one-tenth of that required to see 
effects in experimental animals. The 
epidemiological study quoted was 
conducted after CI02 disinfection had 
ceased for a short period of time. 
Consequently, conclusions of neither 
study contradict animal studies if that 
is Aieta's concern. The major question, 
however, is not what CI02 and its by
products do to normal humans, but 
what they do to people who are very 
sensitive to hemolytic agents. Neither 
the clinical nor the epidemiological 
studies adequately addressed this 
issue. 

I have more difficulty with Aieta's 
charge concerning the SENCAR data. 
The data from that experiment are 
included in the article quoted in ES& T 
with the results of two additional 
studies of the same design. On balance 
there is nothing to indicate a consistent 
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difference between the disinfectants 
with experiments of this type. Conse
quently, to take the standard suggested 
by Aieta is indefensible in view of 
present information. These data are in 
press in Environmental Health Per
spective (reference #41) and will be 
available soon. 

Richard J, Bull, director 
Toxicology and Microbiology Division 
Health Effects Research Laboratory 
U.S. EPA 
Cincinnati, Ohio 45268 

Crop losses and air pollution 

Dear Sir: Bette Hileman's recent ar
ticle (ES&T, Vol. 16, No.9, p. 495A) 
describing crop losses caused by air 
pollutants and the research under way 
to assess losses was excellent. I wish to 
comment and elaborate on some items 
in the article. 

There is increasing evidence that 
ozone damage to crops is widespread 
in the eastern half of the U.S. as well 
as in Southern California. Frequently 
ozone injury to leaves is ignored be
cause it is thought to be natural leaf 
senescence, which is somewhat similar 
in appearance. With ozone injury the 
older leaves became chloratic, or yel
low prematurely, have a wide range of 
leaf markings primarily on the upper 
leaf surface, and leaves may drop from 
the plant. Ozone causes destruction of 
chlorophyll; consequently, photosyn
thesis declines. If more persons could 
see, as I have, at mid- and late season 
the dark-green, old as well as young, 
leaves protected against ozone-induced 
leaf injuries in the open-top chambers 
supplied with charcoal-filtered air 
(e.g., potato leaf, p. 498A) and the 
yield increases of crops such as soy
beans, cotton, potatoes, tomatoes, 
sweet corn, snap beans, lima beans, 
etc., they would be more interested in 
the problem. The open-top chambers 
used in the National Crop Loss As
sessment Network (NCLAN) permit 
the culture of many crops from the 
seedling stage to maturity with mini
mal chamber effects. 

Interest in surface ozone (as con
trasted to stratospheric) measurements 
and in crop losses due to ozone air 
pollution was stimulated about 25 
years ago by the discovery that ele
vated ozone levels caused injury to 
leaves of grapes in California and to
bacco in the eastern U.s. (Richards, B. 
L.; Middleton, J. T.; Hewitt, W. B. 
Agronomy J. 1958,50,559; Hegges
tad, H. E.; Middleton, J. T. Science 
1959,129,208). At that time the pri
mary concern, especially regarding 
tobacco, was the injury to leaves. In the 
past decade, we have learned that yield 

reductions due to ozone in ambient air 
can be significant for ozone-sensitive 
crop species and cultivars. Sometimes 
this occurs with very little visible injury 
to leaves. Also, there may be leaf in
juries without significant loss in yield 
of seed or fruit. 

A major deficiency in making re
gional or national estimates of crop 
losses is the inadequacy of ozone 
monitoring data for agricultural areas. 
I find it difficult to believe that some 
countries in North Carolina appear to 
have higher ozone levels than other 
locations in the U.S. (map, page 497 A, 
September 1981 ES& T). However, an 
average 7-h ozone level of 0.07- 0.08 
ppm, indicated for North Carolina, 
was found by EPA at 27 of 171 U.S. 
sites included in an analysis of mean 
2-month values in 1975, 1976, and 
1977. Twenty-one sites had 2-month 
average 7-h levels of ozone ranging 
from 0.08 to 0.11 ppm, and for Phila
delphia and Los Angeles the ozone 
levels were higher (EPA. "Evaluation 
of alternative secondary ozone air 
quality standards"; OAQPS 78-8, 
IV-A3, U.S. E.P.A.: Research Trian
gle Park, N.C., 1979). Most of the sites 
were identified as urban centers; a few 
were rural. 

Analyses of data sets for 1979 and 
subsequent years and additional 
monitoring in rural areas, including 
those that may have only normal 
background levels of ozone, are need
ed. There should be more monitoring 
and data analyses also at the NCLAN 
sites so the ozone exposure doses re
ceived by the plants in the chambers, 
now measured and controlled with the 
probes in the chamber centers near the 
top of the plant canopy, can be better 
related to ozone in ambient air some 
distance away from the crop and the 
chambers and at 3 m (height of sam
pling for SAROAD monitors). 
NCLAN participants follow an es
tablished general protocol, but each 
year the scientists from different dis
ciplines meet to review results, set 
priorities, and modify plans to improve 
efficiency and the data base. During 
the year, NCLAN's very dedicated 
Research Management Committee 
handles many matters by conference 
calls. I strongly support a statement 
made in your article that the data 
generated by the program " ... are 
absolutely necessary for making 
me~ningful cost-benefit analyses 

Howard E. Heggestad 
Research Plant Pathologist 
U.s. Department of Agriculture 
Agriculture Research Service 
Beltsville, Md. 20705 



The West German Minister of the 
Interior Friedrich Zimmermann has 
signed draft proposals to reduce 
S02 emissions by 50% from large 
furnaces that burn fossil fuels (in
cluding utilities). The proposals 
have been submitted to interested 
parties for comment. At the June 
1982 Stockholm Conference on 
Acidification of the Environment, 
the Social Democratic government 
announced that it would reduce 
emissions by this amount. Since 
then, however, the government 
changed hands, and it was not 
known whether the new govern
ment would follow this policy. Con
cern that acid deposition and S02 
may be damaging West German 
forests is one of the primary rea
sons for these proposals. 

New evidence that pollution from 
coal-burning and factories in the 
Midwest is the major cause of acid 
rain is provided by an extensive 
study prepared for EPA by 46 in
dustry, government, and university 
scientists. The 1200-page report is 
in draft stage and is subject to fur
ther review by the government. It 
says that natural causes of acid 
rain are "insignificant" and that 
timber and mining operations have 
not caused the acidity found in a 
large number of lakes. The report 
also notes that "growth reductions 
are occurring" in many forested 
areas where the rainfall is highly 
acidic but asserts that there is no 
conclusive proof that acid rain re
tards forest growth. 

The Justice Department has for
mally cited executive privilege in 
backing EPA administrator Anne 
M. Gorsuch's refusal to produce 
thousands of documents Congress 
has requested . Rep. Elliott H. Levi
tas (D-Ga.) had subpoenaed Gor-

CURRENTS 

such to appear before the House 
Public Works and Transportation 
Investigations subcommittee with 
all documents concerning the 160 
toxic waste sites listed for cleanup 
under Superfund. Documents on 
three of the sites had also been sub
poenaed by Rep. John D. Dingell 
(D.-Mich.), chairman of the Ener
gy and Commerce oversight sub
committee. The subcommittees 

Gorsuch: refuses 10 supply documents 

argue that they need the docu
ments to determine whether Super
fund is being adequately adminis
tered. Gorsuch says that the docu
ments would disclose EPA's meth
ods of forcing parties responsible 
for waste sites to clean them up. 

A suit to halt the startup of a dor
mant nuclear reactor at the U.S. 
Department of Energy's (DOE's) 
Savannah River plant in South 
Carolina has been filed by a group 
of environmental organizations. 
The suit seeks to force DOE to halt 
renovation on the reactor, which 
makes materials for nuclear weap
ons, until DOE prepares a detailed 
environmental impact study. Ac
cording to a less-detailed DOE as
sessment, radioactive wastes, con
taining 46 curies of radioactive ce
sium, will be flushed into the Sa
vannah River by cooling water if 
the reactor resumes operations. 
Georgia Gov. George Busbee says 
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that 40- 50 times the normal 
amount of radioactive tritium has 
already been found in milk and 
water in Georgia, and he is oppos
ing any expansion of the Savannah 
River plant. 

Eighty percent of the funds for a 
large acid deposition research 
project have been cut by the Office 
of Research and Development at 
EPA, following a directive received 
from the Office of Management 
and Budget (OMB). The project, 
called the Advanced Utility Simu
lation Model (AUSM) develop
ment project, was entering its third 
year when OMB suddenly directed 
that no more than $150 000 should 
be allocated to it. The planned 
funding level was $650 000, down 
from the $821 000 spent in 1982. 
The AUSM was to have provided 
an analysis tool for determining the 
cost to the utility industry of pro
posed acid rain control strategies 
and the resultant changes in emis
sions that would result. The model 
is thought essential for assessing 
the overall effectiveness of pro
posed acid rain control measures. 

A new device called the Webster
Heise valve may substantially re
duce automotive tail-pipe emis
sions, increase fuel economy, and 
make it possible for vehicles to run 
on low-octane gasoline, according 
to a report issued by the Congres
sional Research Service. The device 
is a variable atomizing valve that is 
installed on the intake manifold 
below the carburetor. It contains 
two mesh screens that vaporize the 
gasoline rapidly, thus causing more 
rapid combustion. So far the auto 
industry has been skeptical about 
the valve, but the Department of 
Transportation has started testing 
the device extensively. 

Risk estimates provided by quanti
tative risk assessment are highly 
unreliable but are given undue 
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weight in regulatory actions, ac
cording to EPA draft staff papers. 
The documents said that lifetime 
risk estimates of cancer are a func
tion not only of the method but of 
the accuracy of the input data, and 
"unquantifiable uncertainties" are 
involved in both of these factors. 
Therefore, the practice of using 
quantitative risk assessment to 
rank different pollutants for regu
latory action is highly questionable. 
Furthermore, the prospects for im
proving the estimates or for placing 
bounds on the inherent uncertain
ties are problematical, the papers 
said. 

EPA's fiscal 1983 budget includes 
$49 million more than the Reagan 
administration requested for state 
grants. The approved amount, 
$231.1 million, is still about 4.5% 
less than the $236 million provided 
for state grants in 1982. EPA ad
ministrator Anne M. Gorsuch said 
at a meeting of representatives of 
the National Governors' Associa
tion that she wants to eliminate 
state grants eventually. Spokesmen 
for the governors' association say 
that state grants are critically im
portant and that it is unrealistic to 
think the states can continue to run 
environmental programs without 
federal funding. 

Three large nuclear power plants 
have been cancelled recently. Duke 
Power Company stopped construc
tion on two reactors near Gaffney, 
S.C., on which $68 miJJion had 
been spent since work began in 
1974. A Duke spokesman said the 
plants were cancelled because of a 
declining growth in the demand for 
electricity. In addition, the Virginia 
Electric and Power Company 
ceased construction on the North 
Anna Unit 3. The company is re
questing a rate increase to cover 
the $540 million that has already 
been spent on the plant. A sharp in
crease in estimated construction 
costs, from $2.2 biJJion in the late 
1970s to $5.1 biJJion, caused the re
actor to be cancelled. 

Comprehensive new standards to 
protect Florida's groundwater from 
contamination were adopted by the 
state recently. With these new reg
ulations, Florida is taking the lead 
in protecting groundwaters, ac
cording to scientists at the Depart-
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ment of Environmental Regulation. 
The new rules expand the defini
tion of groundwater to include two 
classifications; apply secondary 
drinking water standards to Flori
da 's aquifers; add minimum water 
quality criteria; create more re
strictive zones of discharge; and en
courage recycling of wastewaters. 
Discharges to drinking water aqui
fers must fulfill both primary and 
secondary drinking water criteria. 

Several western governors are ask
ing that a number of federal rules 
for coal leasing be withdrawn. 
They argue that the new regula
tions diminish the states' power to 
control the development of coal re
serves. In general, the governors 
want to develop coal more slowly 
than Interior Secretary James G. 
Watt intends. Current new regula
tions allow the Interior Department 
to ignore the recommendations of 
regional groups. The governors 
claim that excessive leasing will re
sult in a reduction in mineral leas
ing revenues because the present 
coal market is poor. 

A $38.5 million settlement to clean 
up four toxic waste sites in St. 
Louis, Mich., was reached between 
EPA and the Velsicol Chemical 
Company. The sites contain poly
brominated biphenyls (PBBs) and 
tris, which was used as a flame re
tardant for children's pajamas. 
PBBs made by Velsicol were acci
dentally mixed with feed several 
years ago and killed thousands of 
cattle. According to the settlement, 
all the hazardous wastes will be 
buried in "impermeable" clay at 
the company's plant site, and the 
company wiJJ be required to moni
tor the site for 30 years. Some envi
ronmentalists doubt that the land
fill solution will be adequate be
cause they believe that landfills 
generally are ineffective in the long 
run. 

The Harrison Prescott Eddy Medal 
of the Water Pollution Control Fed
eration for 1982 went to Peter Nel
son and Anne Chung of Oregon 
State University, and Mary Hud
son, now a sanitary engineer at 
Yellowstone National Park. They 
were recognized for their paper, 
"Factors Affecting the Fate of 
Heavy Metals in the Activated 
Sludge Process." They explained 

an equilibrium chemical model in
corporating conditional adsorption 
constants and the model to predict 
the distribution of metals between 
soluble chemical species and "sur-

. face complexes." 

Nelson: shared Eddy medal 

Groundwater's chemical composi
tion should be included as a nuclear 
waste disposal site selection criteri
on, Jess Cleveland of the U.S. Geo
logical Survey suggested to the 
American Chemical Society. Such 
composition might have a signifi
cant effect on the rate of leaching 
of plutonium from borosilicate 
glass and on the solubility of the 
plutonium in water. Tests on four 
different groundwaters showed plu
tonium solubility highest in basalt 
groundwater and lowest in shale 
groundwater. Fluoride in basalt 
water and sulfate in shale water 
may have some effect, but Cleve
land feels that groundwater make
up is site-specific. 

Breast cancer might be linked to a 
fossil fuel combustion by-product, 
warn Jack Bartley and Martha 
Stampfer of the Lawrence Berkeley 
Laboratory. This byproduct, ben
zo[a)pyrene (BaP), was trans
ferred to a special culture of 
human mammary epithelial cells
the type involved in 80- 90% of 
breast cancers and 99% of breast 
tumors. Apparently, the cells readi
ly metabolized the BaP to a BaP 
diol epoxide which, in turn, reacted 
with and modified the cell DNA. 
The scientists found that the BaP 
metabolic effect may be exacer
bated by other factors , such as di
etary fat, especially polyunsaturat
ed fat. 

Some fog water may contain 
enough dissolved chemicals to cor
rode metal, damage vegetation, 



and, perhaps, menace human 
health, say scientists at the Califor 
nia Institute of Technology. They 
measured fog pH and chemical 
composition at three sites in Los 
Angeles and Bakersfield, Calif., 
but noted that the same phenome
non could be found elsewhere in the 
U.S. and abroad. The scientists 
found pHs of 2.2-4.0, as well as ni
trates and sulfates, ammonia, cop
per, iron, lead, nickel, manganese, 
and organic compounds. Concen
trations of up to 12000 ,ueqjL of 
nitrate and 5000 ,ueqjL of sulfate 
were observed. 

The first solid-state electrolyte ana
lyzer to measure S02 in flue gas di
rectly within the flue has been in
troduced by Westinghouse Electric 
Corporation. The company says 
that the analyzer can be used in 
flue gases with temperatures as 
high as 1400 0 F. The sensing cell's 
output voltage is logarithmic with 
S02 content of flue gas. The device 
can read levels as low as ppm or as 
high as percentage quantities for 
sulfur burner applications. Since 
the system operates in conjunction 
with an in-situ oxygen analyzer, 
S02 values are found by subtract
ing oxygen values from total mea
surement values. 

Methanol as fuel: Will it work as a 
practical bus diesel substitute? 
What about emissions? Acurex 
.Corporation (Mountain View, 
Calif.) will learn the answers to 
these questions for the California 
Energy Commission under a 211z
year, nearly $2 million program. 
Methanol-fueled buses will run 
from Marin County to San Fran
cisco and back for one year. Care
ful analyses will be made of fuel 
consumption, emissions, perfor
mance, and durability. It is hoped 
that methanol, which can be made 
from coal, can help cut oil import 
needs and also reduce bus emis
sions, since there would be no diesel 
particles and less NOx if things 
work as expected. 

New and emerging technologies for 
hazardous waste control were the 
subject of an effort initiated by 
EPA (Cincinnati, Ohio) and con
tracted to Ebon Research Systems 
(Washington, D.C.) . The need for 
a data base or a newsletter for 

these technologies was evaluated. 
Among technologies examined 
were molten salt combustion, high
energy electron treatment, chemi
cal dehalogenation, and ultraviolet 
(UV) light with hydrogen or chlori
nolysis. While advantages and dis
advantages of each must be 
weighed carefully, these technolo
gies should be considered as alter
natives to landfills, according to the 
study. 

Solar collector array 

Solar heating and cooling on a large 
scale will be tested at Georgia Pow
er's corporate headquarters build
ing in downtown Atlanta. The sys
tem is expected to furnish 30% of 
the heating and cooling require
ments of the 24-story building. 
There are 1482 parabolic trough 
collectors to provide heat to water 
flowing into a heat exchanger. 
Heated water gives power to an ab
sorption chiller for cooling pur
poses. The chiller's excess heat will 
be used for water and space heat
ing. The system is computer-con
trolled to provide what the users 
feel will be the optimum mix of 
solar and conventional energy 
sources. 

To control pollution, the chemical 
industry is expected to have spent 
as much as $970 million in 1982. 
That figure represents 6.31 % of the 
$15.38 billion spent for new plants 
and equipment. In 1981, pollution 
control spending wa§ believed to be 
$800 million, or 6.47% of the $13.6 
billion new plant and equipment 
outlay; 1980 figures were $730 mil
lion for pollution control or 5.9% of 
the $12.6 billion new plant and 

equipment outlay. These figures 
were furnished by the Bureau of 
Economic Analysis of the U.S. De
partment of Commerce. 

Electricity from the biggest U.S. 
"wind farm" may be sold to Pacific 
Gas & Electric (PG&E) by 1985. 
The plan is to install 36 Boeing 
generators, each of which would be 
rated at about 3500 kW; expected 
project cost is $400 million. The 
project builder and operator would 
be AeroTurbine Energy Corpora
tion (Denver, Colo.). The planned 
site is the point where the Sacra
mento and San Joaquin Rivers 
enter San Pablo and San Francisco 
bays. Generation starts with 14-
mph winds and is most efficient 
with winds at or above 27.5 mph. 
Windmill shutdown occurs at wind 
speeds of 60 mph or more. 

A data base for the prediction of bi
ological activity will be distributed 
by Comtex Scientific Corporation 
(New York, N.Y.). The data base 
uses molecular structural activity 
relationships to predict, for in
stance, bioaccumulation, biodeg
radability, and toxicity, according 
to principles set forth by Corwin 
Hansch of Pomona College 
(ES&T, Vol. 15, No.4, p. 381). 
Presently, 28 parameters are listed 
for over 2800 substituents, and par
tition coefficients are given for 
more than 22 000 solutes. The data 
base has already been used for ethi
cal drugs and various pesticides 
and is planned as a tool for quanti
tative prediction of bioactivity. 

EPA's decision to ban toxaphene 
use will not be contested by the 
marketer of the chemical. "Al
though we disagree with EPA con
clusions, we do not intend to chal
lenge the cancellation because of 
the extreme cost associated with 
legal proceedings," said BFC 
Chemicals, Inc. (Wilmington, 
Del.). BFC asserts that EPA "has 
made it clear that their hazard 
evaluation is based on 'worst-case' 
analysis," and that "many assump
tions of an extreme nature, some of 
which are contrary to known facts, 
have been used in the risk assess
ment." The company says that 
widely publicized residues in Great 
Lakes fish may not be toxaphene, 
as the EPA document acknowl
edges, and that no illness showed 
up in employees even after 30 years 
of manufacture, equaling about 
1000 man-years of exposure. 
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ES&T's 1983 
Advisory Board 

Dr. Russell F. Christman 
Editor 

University of North Carolina 

Dr. Charles R. O'Melia 
Associate Editor (water) 

The Johns Hopkins 
University 

Dr. John H. Seinfeld 
Associate Editor (air) 
California Institute of 

Technology 

Dr. Russell F. Christman, editor, has announced the appoint
ment of two new members to the ES& T advisory board. Dr. 
Lawrence H. Keith is a chemistry development coordinator at 
Radian Corporation in Austin, Tex. His research interests include 
analysis of organic compounds in environmental samples, the 
development of new analytical methods for trace level analysis of 
organics, and safe handling of hazardous materials. Dr. Eugene 
B. Welch, professor of applied biology in civil engineering at the 

University of Washington in Seattle, has served as program di
rector for environmental engineering and science since 1980. He 
has been most active in the research area of eutrophication, nu
trient cycling, and lake restoration and is also interested in the 
ecological effects of wastewater. A third member of the board. Dr. 
Julian B. Andelman, was reappointed to another term. 

Dr. Julian B. Andelman 
University of Pittsburgh 

( 1985) 

Dr. Kenneth L. Demerjian 
EPA Environmental 

Research Center, Research 
Triangle Park, N.C. 

(1984) 

Dr. Lawrence H. Keith Dr. Fran~ois M. M. Morel 
Radian Corporation (1985) Massachusetts Institute of 

Technology (1984) 
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Board members serve three-year terms. The last year of each 
member's term is noted in parentheses. 

Dr. William H. Glaze 
University of Texas at 

Dallas (1983) 

Dr. Leonard Newman 
Brookhaven National 

Laboratory (1984) 

Dr. Glenn R. Hilst 
Electric Power Research 

Institute (1984) 

Dr. R. Rhodes Trussell 
James M. Montgomery 

Engineering (1983) 

Dr. Michael R. Hoffmann 
California Institute of 

Technology (1983) 

Dr. Eugene B. Welch 
University of Washington 

( 1985) 



The PCB imbroglio 
Airing the health effects of polychlorinated biphenyls 

is a good place to begin unraveling the confusion 

Polychlorinated biphenyls (PCBs) 
arc a family of 209 chlorinated aro
matic hydrocarbons. About 100 of 
these PCBs are used commercially. 
The public now knows that PCBs are 
persistent in the environment and is 
concerned that they may have harmful 
health effects. These chemicals can 
accumulate in the food chain; this ac
cumulation is related to their relative 
insolubility in water and their high 
solubility in lipids, such as body fats. 
Called bioconcentration, this action 
causes tissue levels of PCBs to be ele
vated to levels orders of magnitude 
higher than aqueous concentrations of 
these chemicals. 

In the U.S., the control of PCBs was 
mandated by Congress under the 
Toxic Substances Control Act 
(TSCA) of 1976. PCBs were the only 
chemicals singled out for specific at
tention by this law. Because of their 
stability, PCBs biodegrade very slowly, 
and they are widespread in the envi
ronment. 

Since the enactment of TSCA, 
considerable scientific data concerning 
their human health effects have be
come available. Although the recent 
literature is voluminous, the informa
tion indicates that no substantial ad
verse human health effects have re
sulted from exposure to PCBs in the 
U.S. Some people are beginning to say 
that had this information been avail
able in 1976, PCBs might not have 
received special treatment in the law. 
They point out that the hue and cry of 
the Yusho experience put pressure on 
the Congress to do something. That 
something is the TSCA. 

But regulations issued under this 
law have not made the problem go 
away. Between 1929 and 1977, about 
1.2 billion Ibs of PCBs were produced 

in the U.S. Although U.S. chemical 
manufacture of PCBs has now ceased, 
an estimated 750 million Ibs are still in 
use. PCBs are used in two major types 
of electrical equipment-in trans
formers that raise or lower the voltage 
of a power line and in capacitors, those 
bread-box-sized cans on utility poles 
that help maintain constant voltage in 
homes. PCBs are also present in other 
types of electrical equipment including 
electromagnets and voltage regulators 
in fluorescent lighting fixtures. Ac
cording to one EPA estimate, there are 
20 million Ibs of PCBs in storage. 

Over the years, careless disposal of 
PCBs has contaminated the surface of 
soil and aquatic systems in the U.S. 
But the situation is not unique to this 
country. The OECD (Organisation for 
Economic Cooperation and Develop
ment) in its publication The OECD 
Observer (September) noted that de
spite the fact that production and use 
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of PCBs decreased dramatically in 
accordance with a 1973 OECD deci
sion, disposal facilities are still needed 
to prevent environmental contamina
tion by these chemicals. 

The regulation trail 
TSCA was passed in 1976; in 1977, 

the manufacture, processing, distri
bution, and use of PCBs (in a non
totally enclosed manner) were banned. 
But in May 1979, the EPA promul
gated a rule establishing exceptions to 
the general ban. One of the 1979 ex
ceptions permitted the use of PCBs in 
certain electrical equipment. EPA 
classified the "use" of this equipment 
in a "totally enclosed manner," in ef
fect allowing this type of use to con
tinue. Another exception established 
what has become known as the 50-ppm 
cutoff point. EPA determined that 
PCBs in concentrations below 50 ppm 
were not covered by the TSCA Section 
6 (e) ban. Hence, oils and other items 
containing less than 50 ppm PCBs are 
not covered by the regulation. 

Then, in 1980, in considering a suit 
filed by the Environmental Defense 
Fund, the U.S. Court of Appeals for 
the District of Columbia Circuit set 
aside these two exceptions to the ban 
and required the agency to look at the 
situation again. The court said, in es
sence, that the use of PCBs in some of 
the equipment is not in a totally en
closed manner and there is no justifi
cation for setting the 50-ppm regula
tory cutoff for PCBs levels. 

A first part of the EPA response to 
the court was due on August 1982; it 
dealt with the use of PCBs in electrical 
equipment. A second part, which was 
due in October 1982, partially dealt 
with the issue of 50 ppm. Further rule 
making is under way to complete 
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EPA's response to the remand of the 
50-ppm cutoff. The 50-ppm level was 
stayed by the court to allow EPA time 
to complete its rule-making activities. 
Hence, EPA anticipates that the cutoff 
will be in effect for another two years, 
while EPA completes its rule 
making. 

In response to the first part of the 
court order, EPA authorized the use of 
PCBs in certain types of electrical 
equipment, set forth conditions for the 
continued use of PCBs, and established 
schedules for phasing out certain PCBs 
transformers and capacitors. This final 
rule making required inspections and 
record keeping, among other require
ments, and was immediately chal
lenged by a host of organizations, in
cluding the Edison Electric Institute, 
the National Rural Electrical Co
operatives Association, the Environ
mental Defense Fund, the Natural 
Resources Defense Council, and the 
American Frozen Food Association. A 
further pronouncement from the Court 
of Appeals for the D.C. Circuit is im
minent. 

Addressing the information needs of 
the electric utility managers, Executive 
Enterprises, Inc. (New York), spon
sored a meeting in Washington, D.C., 
at which the recent EPA regulations 
that are being challenged anew were 
discussed. The meeting on Oct. IS 
addressed such questions as: What 
does the law say that you can or cannot 
do with PCBs legally? What are the 
problems and requirements for record 
keeping? What, if any, enforcement 
actions may the EPA be taking? In 
brief, there were sessions on the regu
lations affecting the use of PCBs, spill 
cleanup and reporting requirements, 
practical problems in complying with 
PCB regulations, and PCB enforce
ment. 

Health effects meeting 
An open discussion on the health 

effects of PCBs was initiated this May. 
Sponsored by the EPA, on short notice 
to the public, a two-day symposium for 
scientific information exchange on 
PCBs was conducted under contract 
with ICAIR (Cleveland, Ohio). One 
objective of the meeting was to review, 
discuss, and interpret scientific data on 
PCBs published since 1978 and pre
liminary PCB data from ongoing 
work. Another objective was to iden
tify research gaps and areas of agree
ment and controversy. Proceedings of 
the May 12-13, 1982, meeting in 
suburban Washington, D.C. (Bethes
da, Md.), entitled "Recent Advances 
in Exposure, Health, and Environ
mental Effects Studies on PCBs," are 
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expected to be available in June 1983. 
Meanwhile, tapes of sessions of the 
symposium are available from Bowers 
Reporting Company (Falls Church, 
Va.). 

Yusbo, a unique experience 
The Yusho (rice oil) poisoning oc

curred in 1968. The Yusho experience 
was described at an international 
workshop in Washington, D.C., held 
on March 17-19, 1980. In the pro
ceedings of the workshop, "Plans for 
Clinical and Epidemiological Follow
up after Area-Wide Contamination," 
Robert W. Miller of the National 
Cancer Institute (NCI) said that the 
Yusho disease was first recognized 
because of an epidemic of chloracne 
that began in February 1968 on the 
island of Kyushu, Japan. One thou
sand fifty-seven people were affected; 
their illnesses-chloracne, headaches, 
nausea, and diarrhea-were quickly 
traced to a heat-transfer agent used 
during the manufacture of cooking oil. 
The oil contained 2000-3000 ppm 
PCBs, now known to be contaminated 
with impurities. 

Some scientists and physicians in 
Japan and Taiwan are now saying that 
the Y usho effects are due to high levels 
of other contaminants in the rice oil, 
such as chlorinated dibenzofurans and 
quaterphenyls, which are considerably 
more toxic in animal tests than PCBs. 
The average level of total ingestion 
of PCBs has been estimated to be 
0.5-2.0 g. 

Among the II children born to ex
posed women, two were stillborn and 
three others were small-for-date. All 
showed transient symptoms such as 
dark cola-colored pigmentation and 
eye discharges. These observations 
indicate placental transfer of the agent. 
Infants who were breast-fed had 
higher serum PCB levels. A 13-year 
follow-up (1981) found PCBs in the 
tissues of breast-fed children, the level 
varying with the duration of breast
feeding. (Scientists are asking how 
these levels differ from the background 
level in the general population.) Fol
low-up of the affected population, thus 
far, has not revealed carcinogenesis or 
other clear evidence of adverse health 
effects related to this experience. 

In the follow-up of some of the 
chloracne cases at Kyushu University 
there are some reports that second 
pregnancies, one year or more after the 
mothers' exposure to PCBs, seem to 
result in darker-than-usual (hyper
melanotic) infants. Chloracne in pa
tients first seen in 1968 persisted for 
two or three years. 

This experience in Japan focused 

attention on PCBs problems elsewhere 
in the world. In the U.S., Holly Farms, 
Inc., a supplier of chickens and eggs, 
discovered reduced hatchability of its 
eggs, and traced the problem to PCBs 
contamination of chicken feed . No 
human exposure was reported in this 
case, which occurred in 1971. The 
contamination occurred in a manner 
similar to that of the Japanese cooking 
oil. PCBs, containing impurities and 
used as a heat-transfer fluid, leaked 
into the feed through pinhole erosions 
in the pipes. 

In 1980, a second chloracne epi
demic, involving 1000 persons, devel
oped in Taiwan. Again, the source was 
traced to cooking oil contaminated 
with PCBs during manufacture. This 
is very similar to the Yusho experience, 
according to a Japanese publication on 
the subject. 

In summary, the combination of 
PCBs with chlorinated dibenzofurans 
and quaterphenyls has caused area
wide food contamination. These 
chemicals may have a transplacental 
effect, produce chloracne, and be 
transmitted in breast milk. 

Occupational experience 
Workers in the electrical industry 

have been exposed to PCBs since the 
materials were first introduced around 
1930. Aside from infrequent skin 
conditions which disappeared when 
exposure to PCBs was discontinued, no 
significant adverse health effects have 
been reported. The absence of signifi
cant health effects, even among 
workers with higher exposures to PCBs 
than Yusho patients has been ex
plained by the absence of chlorinated 
dibenzofurans in the commercial 
mixtures. 

Irving Selikoff of Mt. Sinai School 
of Medicine (New York) said very 
extensive studies on PCBs have been 
done. A study of workers in the largest 
capacitor plants in the U.S., at Fort 
Edward and Hudson Falls, N.Y., was 
published in the Annals of the New 
York Academy of Science in 1979. 
Some skin effects were observed but no 
serious disease was reported. 

In another study that has been 
under way for more than three years, 
Selikoff is investigating employee 
mortality in these capacitor plants. 
Under the direction of William J. 
Nicholson of Mt. Sinai, this study is 
jointly supported by the National In
stitute for Occupational Safety and 
Health (NIOSH), the United Elec
trical Workers Union, and the Amer
ican Cancer Society. Selikoff indicated 
that a report on this study would be 
available in the spring of 1983. 



Structural similarity of toxic compounds' 
Overlay of planar conformation of 3,3 ',4,4',5,5'-hexachlorobiphenyl with TCOO· 

'. r 

c 
aToxic structures show preferred distribution polarization about the lateral chlorine atoms (A. B, and B') through resonance interactions 
between rings. (Atoms C are also chlorine but are not in a lateral position.) 

bTeDD 2,3.7.8-telrachlorodibenzo-p -dioxin 

Correlation of biological activity of individual PCB compounds in animals 
with molar polarizability 
The critical rectangular distances in the molecule (3 x 10 A) between lateral chlorine atoms 
appear in the most toxic structures . . . 

Single oral dose Type of inducer of 
in guinea pig LOso mixed-function oxidase Pm 

Name of compound ("g/kg) activity in rat (molar polo'izabllity) 

2,3,7,8-tetrachlorodibenzo-p-dioxin 2 P-448 

2.3.7.8-tetrachlorodibenzofuran 7 P-448 

3.3',4,4' ,5,5' -hexachlorobiphenyl 500 P-448 106 

3.3'.4.4 '-tetrachlorobiphenyl < 1000 P-448 110 

... whereas deviation from the rectangular arrangement significantly lowers the biological potency 

2,3.7-trichloro-p-dioxin > 29000 

2.3.3',4,4',5,5'-heptachlorobiphenyl > 3000 P-450, P-448 116 

2,2' ,4,4' .5.5' -hexachlorobiphenyl > 10000 P-450 

Source: James McKinney. NIEHS 

Selikoff indicated that researchers 
have measured the levels of PCBs in 
serum and in fats; currently, they are 
investigating dibenzofurans. This in
vestigation is under the direction of 
Mary Wolff, head of the analytical 
chemistry unit of the environmental 
sciences laboratory of Mt. Sinai. 

Last year, David Brown of N IOSH 
(Cincinnati, Ohio) reported a mor
tality study of 2500 PCBs-exposed 
electrical equipment workers from two 
capacitor manufacturing plants. More 
than 50% of these workers were ex
posed to PCBs on the job for more than 
20 years; some were exposed for as 
long as 40 years. The results showed no 
significant excess in total mortality 
from cancer, cardiovascular disease, 
neurological manifestations, or any 
other cause. The overall mortality was 
low; overall cancer death was lower 
than that of the general population. If 
PCBs are carcinogenic, they are weak 
agents in humans. 

In another study, Alexander Blair 
Smith also of NIOSH looked at 

workers from a capacitor plant and 
two electrical utility plants that loaded 
transformers with PCBs. His conclu
sion, published in 1981, was that al
though there were high levels of PCBs 
in the blood, "none of the published 
occupational and epidemiological 
studies (including our own) have 
shown that occupational exposure to 
PCBs is associated with an adverse 
health outcome, except for the occur
rence of chloracne during the early 
years of its manufacture and use, and 
possibly during current times as well, 
depending on circumstances of its use 
and exposure." 

In November 1982, NIOSH ini
tiated a new research project to learn 
the reproductive history of women 
exposed to PCBs in the workplace. 
Under the direction of Michael 
Rosenberg, the study will look at 800 
women who worked in a capacitor 
plant. A sample of 200 married women 
who worked directly with PCBs will be 
compared to a matched group of 200 
women whose exposure was low or in-
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cidental. A questionnaire covering 
demographic data, occupational his
tory, and medical history will be com
pleted for each of the 400 workers. 

Toxicological study 

In August 1981, a consulting firm 
specializing in toxicology was charged 
with examining the toxicological and 
epidemiological literature on PCBs. 
The firm was to provide a professional 
opinion on the implication of these 
studies for the human health effects of 
PCBs_ The study was performed by 
Drill, Friess, Hays, Loomis, and 
Shaffer, Inc. (DFHLS- Arlington, 
Va.) and was sponsored by the Electric 
Edison Institute and the National 
Electrical Manufacturers Association 
(NEMA). This study was undertaken 
in response to the previously men
tioned court order. 

DFHLS reported that it is not ap
parent how the Yusho experience
exposure by ingestion-can be related 
to exposure to PCBs in the U.S. 
workplace. Although total PCBs ab-
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sorbed were similar for both groups, 
the dose patterns were different. The 
U.S. industrial worker had essentially 
a low-level, long-time exposure to 
PCBs by inhalation and skin contact. 
In contrast, the Yusho experience was 
by ingestion over a short period of 
time. Because of the predominant role 
of impurities such as chlorinated di
benzofurans in the rice oil, the study 
concluded that it is not possible to ex
trapolate acute and subchronic effects 
of commercial PCBs mixtures on hu
mans from the Yusho experience. 

Of the various effects noted in ani
mal test systems, the DFHLS study 
found that only dermatological effects, 
including some chloracne and an in
crease in liver enzyme activity, have 
been clearly demonstrated in human 
populations at the dosage levels asso
ciated with occupational exposure. It 
is the firm's opinion that the risk to 
human health from even high level 
occupational exposures has been 
shown by the studies available to be 
low; therefore much lower human ex
posures to PCBs in the workplace and 
in the natural environment do not 
present significant human health 
risks. 

In response 
Irwin Baumel, director of the 

Health and Environmental Review 
Division of the U.S. EPA, commented 
on the DFHLS study. In an April 12, 
1982 internal memo to Martin Halper, 
director of the EPA, he wrote, " . .. this 
document is very well prepared and 
knowledgeably written; however, it 
presents a review of selected reports. 
... This document contends that the 
studies reviewed demonstrate that 
PCBs do not pose any serious risk of 
injury to human health. While we have 
completed only a preliminary review of 
this document, we do not agree that 
the information presented proves that 
PCBs do not pose any serious risks. 
Specifically, the areas of hepatotox
icity, mutagenesis and reproductive 
effects are of greatest concern and 
must be fully investigated." 

In rebuttal to the EPA criticism, 
Seymour L. Friess, president of 
DFHLS, cautioned that "it should be 
emphasized that such differences in 
interpretation can well arise among 
scientists from consideration of ex
perimental and observational studies 
that are not perfect or complete in 
every report, and that may be contra
dicted in other reports." 

He continued, "To say that the lit
erature on PCBs is voluminous would 
be an understatement of the first 
magnitude. DFHLS considered only 
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those papers which, in their judgment, 
made a meaningful contribution to a 
determination of potential health ef
fects in the human." 

The view of the Chemical Manu
facturers Association (CMA) is: 
"Any exposure to PCBs does not pose 
a significant health risk to humans." 
The CMA paper, "Summary of 
Health Effects of PCBs," dated No
vember 1981, was prepared by Ecology 
and Environment, Inc. (Buffalo, 
N.Y.). 

The science 
Under a section in its report entitled 

"other health effects-enzyme in
duction," the DFHLS study says that 
the predominant effect of commercial 
PCBs shows up in the tests involving 
cytochrome containing monooxyge
nases, which are a family of enzymes 
involved in the metabolism of various 
toxicants. 

In recent scientific research, James 
McKinney of the NIEHS (National 
Institute of Environmental Health 
Sciences, Research Triangle Park, 
N.C.) assessed the structural require
ments that are important for the toxic 
properties of halogenated aromatic 
hydrocarbons. He and colleagues in
vestigated the specific structural re
quirements for induction of cyto
chrome P-448, cytochrome P-4S0, and 
associated monooxygenase activities in 
rats and mice, and toxicity in the 
guinea pig. The guinea pig appears to 
be an extremely sensitive animal model 
for the toxic effects of these com
pounds. It is now quite clear that mo
lecular geometry and electronic prop
erties are important in eliciting bio
logical activity of this type. 

McKinney and E. McConnell in a 
recent publication said that studies of 
structural specificity for the receptor 
with model compounds, including 
several PCBs, has led them to postu
late that polarizability properties are 
an underlying electronic basis for this 
activity. Measurement of this molar 
polarizability (Pm) for a selected 
number of PCBs has indeed shown a 
clear correlation between this property 
and the ability to induce cytochrome 
P-448, cytochrome P-4S0, or to be a 
noninducer. 

All four P-448 inducers tested in this 
study had a Pm value of 113 ± 7, with 
the two mixed inducers at the high end 
of the range. The four strong P-4S0 
inducers had a Pm value of IS3 ± 9. 
The non inducer tested had a very high 
Pm of 211. How to calculate molar 
polarizability is explained in a short 
communication in Chern. Bioi. Inter
act., 1981, 34, 373- 78. 

With the P-4S0 data there is no 
correlation between activity in rat and 
guinea pig toxicity data for PCBs. On 
the other hand, there is a correlation 
between P-448 activity and toxicity 
data in the guinea pig. McKinney says, 
however, "We don't know what this 
correlation means." He adds that there 
are species differences. The important 
question now is determining whether 
or not the so-called mixed inducers, 
(those compounds that show both 
P-448 and P-4S0 activities) are 
toxic. 

At present, the mechanism by which 
P-4S0-inducing PCBs operates is un
known. P-448 inducers, however, are 
thought to interact with a specific 
cytoplasmic receptor, presumably a 
protein. Ability to bind effectively to 
this receptor is postulated to involve a 
particular spatial relationship of elec
tronegative groups, which is dependent 
upon the ability to achieve a degree of 
coplanarity of the two phenyl rings. 

With dibenzodioxins, dibenzofu
rans, and naphthalenes, for example, 
coplanarity is built into the molecular 
structure. In the case of PCBs, revo
lution around the biphenyl linkage al
lows the molecules to seek their lowest 
energy conformation. McKinney and 
Phirtu Singh found that for the two 
pure P-448 inducers, the preferred 
crystallographic structures are sig
nificantly nonplanar, but non-ortho 
substituted biphenyls have been co
crystallized in a coplanar state. As 
orthochlorines are added, the tendency 
for coplanarity decreases and is pre
cluded by two ortho-chlorine atoms. 
Similarly, as ortho-chlorine atoms are 
added, McKinney's data indicate that 
enzyme induction tends to shift from 
P-448, to mixed or non inducing, to 
P-4S0. 

The pure P-448 inducers, 3,3',-
4,4'-tetra and the 3,3',4,4',S,S'-hexa· 
chlorobiphenyls, are present in com
mercial mixtures in the low ppb 
quantities, if at all-too low to have 
biological significance. Therefore, the 
major relevance of McKinney's work 
on exposure to commercial PCB mix
tures must be in the study of mixed
type and P-4S0 inducers. As shown in 
the table, these are considerably less 
toxic than the pure P-448 inducers 

Prognosis 
It now seems clear that new insights 

are being found to explain the toxicity 
of cytochrome P.-448-inducing chem
icals. More work needs to be done to 
understand the implication of these 
insights to human and environmental 
exposures to PCBs. 

-Stanton Miller 



1982 Stockholm Conference 
on Acidification 

of the Environment 
Through a glass selectively-or some governments 

saw what they wanted to see 

A new, and somewhat unexpected, 
international development concerning 
acid rain occurred last year. For the 
first time, a major industrial nation-a 
major polluter-joined the Scandi
navian side in its views about the seri
ousness of the acidification problem. 
Until recently, West Germany vigor
ously defended the idea that not 
enough was known about the problem 
to warrant control actions. Now the 
West German government has adopt
ed a diametrically opposite view and 
announced a new policy of reducing 
S02 emissions by 50%. Switzerland 
also has changed its position and allied 
itself with those countries who favor 
near-term emission control at pollution 
sources. 

What persuaded these two countries 
to abandon their previous positions 
were disturbing revelations linking 
acid deposition, including the dry de
position of S02, to "crown dieback" in 
forests over widespread areas of West 
Germany and to the almost complete 
destruction of large stands of trees in 
the neighboring high-altitude forests 
of Eastern Europe. 

This information was revealed and 
discussed intensively at the 1982 
Stockholm Conference on Acidifica
tion of the Environment. The confer
ence consisted of three related inter
national meetings. The first two were 
expert meetings attended by scien
tists- one on ecological effects of acid 
deposition and the other on strategies 
and methods to control emissions of 
sulfur and nitrogen oxides. The third 
was a ministerial conference of gov
ernment representatives. 

The attendees included over 100 
scientists and nearly as many repre
sentatives from 21 countries, five in
ternational organizations, and ob
servers from many nongovernmental 
organizations. The countries repre-

Since 1965, nearly half the spruces have died on Camel's Hump in Vermont's Green 
Mountains. Mounting evidence suggests that acid .rain may be the cause. 

sen ted were among the 34 signatories 
to the Convention on Long-Range 
Transboundary Air Pollution, an in
ternational agreement negotiated in 
1979 by the United Nations Economic 
Commission for Europe (ECE) . 

Before the Stockholm meeting 
began, many participants expected it 

to reveal little that was new and to 
emphasize what had been emphasized 
at previous meetings- namely, the 
very widespread acidification of lakes 
in Scandinavia. Instead, the confer
ence focused on a different prob
lem- more complete evidence strongly 
suggesting that ambient sulfur dioxide 
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Selected conclusions from the experts' meeting 
• "The main acidifying atmospheric 

pollutants are S02 and NO •. " Within 
the industrialized region "man-made 
sulfur emissions exceed the natural 
emissions by a faclor of five to 
twenty." 

• "Nitrate ions made available from 
atmospheric deposition playa minor 
role in water acidification today except 
during winter and early spring 'acid 
surges.' " 

• " Ammonia emissions also influ
ence acidification. In Europe and North 
America domestic animals and fertil
izers are thought to be its main 
sources with emissions comparable to 
those of NO •. " 

• "The atmospheriC lifetime of % 
to 2 days for dry deposited S02 cor
responds to a mean transport distance 
of a few hundred km. Sulfate is re
moved primarily by wet deposition and 
has a lifetime of 3-5 days. This cor
responds to a mean transport distance 
of the order of a thousand km." 

• "If a general decrease in emis
sions were to take place within a large 
industrialized region (of the order of a 
thousand km), specific areas within 
this region might experience signifi
cantly smaller or larger decreases in 
deposition. However, the total depo
sition over the whole industrialized 

and acid deposition may be damaging 
trees in West Germany and other parts 
of Central Europe. The experts' 
meetings produced a consensus report 
that paid a great dea l of attention to 
this research and summarized it as 
follows: "The recently reported forest 
damage in an estimated one million 
hectares of Central Europe seems to be 
related to (among others) the direct 
effects of gaseous pollutants and soil 
impoverishment, and toxicity arising 
from very large amounts of wet and 
dry deposition ." 

This conclusion was drawn largely 
from the work of several West German 
scientists, but especially Professor 
Bernard Ulrich of Gattingen Univer
sity, who has been studying the effects 
of air pollutants on forests since 1966. 
In the paper he presented at the first 
experts' meeting, he offered the rather 
startling conclusion that, " No forest 
ecosystem, even forests on calcareous 
soi ls, can withstand the present [West 
German) ai r pollution without serious 
damage," and that "in the long run, 
trees will not get older than 30 to 40 or 
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region would decrease approximately 
in proportion to the reduction in emis
sions." 

• "Future acidification and reversal 
of present acidification of surface 
waters in sensitive areas receiving 
high sulfur deposition would be re
duced by a decrease in the present 
level of sulfur deposition." 

• "Any reduction in acid deposition 
must be beneficial to aquatic ecosys
tems under acid stress. " 

• " Empirical data from Sweden, 
Norway, Canada, and the U.S. show 
that lakes in sensitive areas, with al
kalinity ~50 JLq/L have in general not 
been acidified when the catchments 
receive a sulfur load of 0.5 gS/m2-y or 
less." 

• " In sensitive areas with deposi
tion >0.5 gS/m2.y, many surface wa
ters have been aCidified." 

• "In Ontario, Canada, about 
50 000 lakes on granitic terrain re
ceive ~0. 7 gS/m2.y, and 2500 lakes 
surveyed in the area indicate that 20 % 
have alkalinity <40 JLeq/L. In Quebe<' 
the extent of sensitive lakes is even 
greater. Based on the Scandinavian 
experience, these lakes are expected 
to undergo acidification in the next 
several decades." 

• " Acidic groundwaters (some-

50 years, even under optimal soil con
ditions." 

Soil chemistry changes 
It has been known for many years 

that sulfur dioxide gas at high pea k 
ambient concentrations causes direct 
damage to vegetation. What is new in 
Ulrich's and other related research is 
that the continuing deposi tion of 
comparatively low concentrations of 
S02 and acid rain can cause indirect 
effects on forests, by graduall y 
changing the soil chemistry over many 
years. 

According to Ulrich 's work, forest 
damage occurs in four stages. In the 
first stage, trees benefit from the in
creased sul fur and nitrogen content in 
the rain and grow faster than they 
would without it. This stage is the one 
that has been most often observed in 
short-term studies. 

During the second stage, as the re
sult of ion exchange and leaching 
progressing downward through the 
soil , the soil's neutralizing capacity is. 
impaired by the cumulative effects of 

times with pH < 4.5) have been re
ported from some countries in Europe. 
In acid groundwater, concentrations of 
AI, Cu, Zn, and Cd are often 10- 100 
times higher than in neutral ground
water." 

• " There is evidence to suggest 
that tree growth may be decreased in 
association with annual mean con
centrations as small as 25-50 JLg 
S02/m3. These concentrations prevail 
over large parts of Europe." [The pri
mary standard for S02 in the U.S. (an
nual arithmetic mean) is 80 JLg/m3. 

This level is found regionally through
out the upper Ohio River basin and lo
cally elsewhere in the eastern U.S.) 

• " There is concern that large 
amounts of acidic deposition, occur
ring in some areas, may be decreasing 
the ratio of calcium:aluminum in soil 
solutions to an extent that impairs root 
growth and endangers tree survival." 

• " The recently reported forest 
damage in an estimated one million 
hectares of Central Europe seems to 
be related to (among others) the direct 
effects of gaseous pollu1ants and soil 
impoverishment, and toxicity arising 
from very large amounts of wet and dry 
deposition. " 

many years of continuing sulfur and 
acid deposition. The soil loses much of 
its ability to supply nutrients such as 
calcium and magnesium that are es
sential for tree growth . 

The third stage is a period of desta
bili za tion. At this time, continuing 
deposit ion of su lfuric acid and 502 
mobilizes aluminum and heavy metals 
from the soil. Aluminum is present in 
mos t soi ls, but in an insoluble form. 
Acid deposition releases the alumi
num, making it available in soil water 
to damage the fine root hairs with 
which trees absorb nutrients and water 
from the soil. During this stage. the 
Cal AI ratio in the soil solution and in 
the roots becomes less than unity. 
Dissolved al uminum becomes toxic 
and, at Cal AI ratios below 0.15. 
causes complete growth inhibition. 

At this point the ecosystem has lost 
its res ilience and is likely to enter the 
fourth or succession stage. To push a 
tree over the boundary between ap
pa rent hea lth and impending death, all 
that is required is one or more added 
stresses that may be a normal part of 



its life cycle, such as a succession of 
warm, dry years. In cool, wet years, 
dissolved organic matter in the soil 
may chelate the AI and prevent alu
minum toxicity. When the soil remains 
dry over a period of time, however, 
there is an increase in internal soil 
acidification and a decrease in dis
solved organic matter. Then, according 
to Ulrich, "higher concentrations of 
unchelated trivalent AI ions will ap
pear in the soil solution and cause 
heavy root dieback." This may lead to 
the death of the tree. Because death 
often occurs in a period that is drier 
than normal, the tree may appear to 
die from drought, when in fact drought 
may be merely the triggering factor 
that releases a chain of events brought 
about by the acidification of the eco
system. 

On sensitive soils, tree death from 
dry deposited S02, acid rain, and other 
acidifying processes takes many years 
because the soil behaves like an ion 
exchange column. At first only the 
upper layer is affected. Gradually, 
continued acid deposition affects suc
cessive soil layers until it changes the 
chemical makeup of the layers where 
the root hairs are located. 

Ulrich also pointed out that the de
stabilization period, the third stage, 
makes the tree susceptible to many 
other stresses such as disease and in
sect attack on the leaves. Root-de
composing fungi, stimulated by acid 
stress, can damage woody roots and 
make the tree vulnerable to being 
blown down in heavy windstorms. 

Ulrich's theories are highly contro
versial. Some scientists have expressed 
doubts that forests on calcareous soils 
in the U.S. are subject to damage from 
acid deposition. 

Bolstering positions 
At the experts' meeting, those in 

attendance, over 100 research scien
tists, produced a consensus report that 
contains some rather strong conclu
sions, not only about forests, but about 
several other aspects of acid deposition 
(see box, p. 16A). For the ministerial 
conference that followed, the repre
senta tives of some governments 
searched the experts' report for state
ments supporting their own govern
ments' positions. Countries determined 
to control emissions found many 
statements pointing to the need for 
urgent emissions reductions-espe
cially decreases in S02. These nations 
include the Nordic countries, Canada, 
Switzerland, The Netherlands, Bel
gium, Austria, and West Germany. 
Indeed, the U.S. and Great Britain 
were the only two countries that spoke 

out strongly against immediate re
ductions and demanded that more re
search be performed before any con
trols are considered. 

The speech of Kathleen Bennett, 
EPA assistant administrator for air, 
noise, and radiation, chose very small 
portions of the experts' report and, 
from these, created an argument that 
appeared to bolster the U.S. position. 
In addition, she repeatedly emphasized 
that emissions of S02 and other pol
lutants are declining in the U.S. 

As evidence of uncertainties asso
ciated with acid deposition, she quoted 
the following statement from the ex
perts' report: "If a general decrease in 
emissions were to take place within a 
large industrialized region (of the 
order of a thousand km), specific areas 
within this region might experience 
significantly smaller or larger de
creases in deposition." But she omitted 
the sentence following this, which 
states that "the total deposition over 
the whole industrialized region would 
decrease approximately in proportion 
to the reduction in emissions." 

As further evidence of great uncer
tainty and a reason for not decreasing 
emissions at the present time, Bennett 
emphasized her concern that a depo
sition threshold for harm to aquatic 
systems had not been identified at the 
experts' meeting. She insisted that a 
threshold for protecting terrestrial and 
aquatic ecosystems from harm does 
exist and postulated that this 
"threshold" lies somewhere between 
0.5 and 1.5 gS/m2.y. She also said that 
"many waters have been acidified" in 
regions where the sulfur loading is 

1.5-3.0 g/m2.y. It is known that wet 
sulfur deposition alone in some sensi
tive parts of the northeastern U.S. is 
now at a level of ~1.6 g/m2.y, and if 
dry deposition is added to this, the total 
is about double that in many regions. 
Therefore, some sensitive areas of the 
U.S. are now receiving enough sulfur 
to harm aquatic life, and the relevant 
finding in the experts' report appears 
to be that "any reduction in acid de
position must be beneficial to aquatic 
ecosystems under stress." 

In her speech, Bennett stated re
peatedly that because S02 emissions 
in the U.S. have decreased 15% in the 
past 10 years, the U.S. has already 
made great progress in emission con
trol. However, she failed to take note 
of two other relevant facts. One is that 
NOx emissions increased during this 
period and are expected to continue 
increasing in the foreseeable future. 
The other is that an EPA analysis, 
performed to estimate the cost of 
implementing the Senate Environment 
Committee bill, and several other in
dependent analyses predict that S02 
emissions are likely to increase in the 
next two decades under present regu
lations. 

EPA's own analysis projects that 
national annual S02 emissions will go 
up 1.55 million tons by 1995 with 
much of these increases occurring in 
the Sun belt states. An analysis per
formed by Work Group IIIB under the 
U.s.-Canadian Memorandum of In
tent and now approved by EPA states 
that S02 emissions will go up by 
850000 tons/y, and an Edison Electric 
Institute analysis projects a 1.4-million 

There's still not enough efidence to warrant control action. 
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tonly increase by 1990. Furthermore, 
over the past 18 months, the Reagan 
administration has been pushing for 
changes in the Clean Air Act that 
would encourage even greater in
creases in S02 emissions. A more ac
curate appraisal of the situation would 
be to say that regulations implemented 
during the 1970s have reduced S02 
emissions-but those same regulations 
will allow them to increase over the 
next two decades unless depressed 
economic conditions or other unfore
seen factors come into play. 

In her address to the ministerial 
conference, Bennett expressed "ap
preciation for providing us with a dis
tillation of the research undertaken on 
acid deposition in Europe and North 
America," and went on to say that she 
had had "an opportunity to learn from 
the findings of the experts' meeting 
.... " Further, in emphasizing the 
importance of scientifically rational 
decision making in managing the en
vironment, Bennett stressed the im
portance of diligently examining the 
accumulated body of scientific 
knowledge on the acid deposition 
phenomenon. At present it is not 
known whether the administration 
views the Stockholm Conference re
port as an important contribution to 
this effort or not. What is known is that 
Bennett directly contradicted the ex
perts' report when she testified before 
the Senate Committee on Energy and 
Natural Resources a few weeks later 
in August 1982. At this time, she said: 
"There is no strong scientific justifi
cation for such a program [a substan
tial reduction in S02 emissions in the 
eastern U.S.] - there is little conclu
sive evidence that it would produce 
dramatic reductions in acid deposition 
or any amelioration of its effects." 

Incomplete success 
The ministers' conference adopted 

a consensus statement that is fairly 
strong, though nonbinding. It asserts 
that tall stacks are an "obsolete" con
trol technology, calls for "further 
concrete action" to control trans
boundary air pollution, and requires 
that "concerted international pro
grams for the reduction of sulfur 
emissions" be established. West Ger
many's G. R. Baum announced his 
government's new policy of reducing 
S02 emissions by 50% and said, "Ac
tion in environmental protection which 
is not taken today will cost us a lot 
more than [it does] today in a few 
years' time." Several countries that 
had been rather lukewarm about the 
idea of reducing emissions-The 
Netherlands, Belgium, and Aus-
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tria-spoke out more strongly in favor 
of near-term controls. 

But in the view of those countries 
that advocate a substantial reduction 
in emissions, the conference was far 
from a complete success because it did 
not agree to specifically defined ob
jectives for polluting nations to meet in 
controlling their emissions, or on a 
timetable for such reductions. The two 
countries on the other side of the fence, 
Great Britain and the U.S., were ap
parently happier with the results. 
Kathleen Bennett held a press confer
ence afterward at which she said she 
was "satisfied and pleased with the 
outcome." 

Environmentalists would term the 
conference a victory in some respects. 
When it began, only 12 countries had 
ratified the UN - ECE Convention on 
Long-Range Transboundary Air Pol
lution. During the conference, many 
countries promised to ratify the con
vention. By press time, 23 out of the 24 

"Acceptable" target loading 
recommended 

For more than two y8EW'S prior to the 
Stockholm Conference, the Swedish 
Ministry of Agriculture and Environ
ment conducted an Intensive analysis 
of available data on acid and sulfur 
dioxide deposition; its effects on water 
quality, the biosphere, and materials; 
and both ameliorative and mitigative 
control approaches, This effort cul
minated In a 232-page final report 
entitled "Acidification Today and To
morrow," which was Issued at the 
Stockholm Conference In four lan
guages. 

One of the most important parts of 
this preconference report is Its rec
ommendation of an "acceptable" 
target loading for protection of sensi
tive surface water systems: 0.3-0.5 g 
of total (wet plus dry) sulfu'/m2·y. This 
"acceptable" amount Is equivalent to 
a deposition of about 9-15 kg of wet 
plus dry sulfate/ha·y. The StoCkholm 
Conference discussed an acceptable 
target loading but failed to reach 
unanimous agreement on this 
subject. 

Copies of the English version of 
"Acidification Today and Tomorrow" 
and the Stockholm Conference Report 
can be obtained by writing to the 
Swedish Ministry of Agriculture and 
Environment, S-103 33, Stockholm, 
Sweden. 

ratifications needed to bring the con
vention into force had been obtained, 
and Austria and Switzerland were 
expected to ratify soon. 

After ratification and a 90-day 
waiting period, the next meeting of the 
executive body of the ECE Convention 
will be able to take official action. At 
this meeting, those countries strongly 
favoring emissions reductions will 
probably try to have the consensus re
port, which was adopted unanimously 
at the ministerial meeting, incorpo
rated as an annex to the convention, 
Gregory Wetstone of the Environ
mental Law Institute told ES&T. If 
they are successful in this effort, the 
consensus report will become binding 
on the ratifying governments. 

On the negative side, environmen
talists would point out that some Eu
ropean countries with the greatest 
emissions did not attend the Stockholm 
conference. Of the Eastern bloc, only 
East Germany and Hungary were 
there. The largest polluter, and first 
nation to ratify the ECE Convention, 
the Soviet Union, did not even show 
up. Environmentalists would also cite 
as discouraging the fact that a number 
of ECE member nations such as 
Greece, Italy, and Spain have not yet 
developed a strategy for controlling 
sulfur dioxide ambient concentrations 
in their own countries, let alone a way 
to prevent transboundary pollution. 

As shown by the selected conclu
sions listed in the box, this conference 
achieved further progress in developing 
a scientific consensus about air pollu
tion and acid deposition. Another es
timate of "acceptable" target loadings 
was proposed. The effects of sulfur 
pollution and acid deposition on forests 
in central Europe were recognized and 
caused an important shift in attitudes 
of central European governments. 
Emphasis was given to the practical 
value ihat energy conservation and 
energy efficiency have for improving 
environmental quality. A continuing 
dialogue among scientists and gov
ernment representatives from many 
countries can be expected as the Con
vention on Long-Range Transbound
ary Air Pollution moves from ratifi
cation to implementation. Notwith
standing the dramatic shift in the 
policies of some European nations and 
the growing consensus among the in
ternational scientific community, it is 
not apparent that the U.S. government 
has changed its acid rain policy. But 
selective listening and learning may be 
hard to sustain in the context of this 
continuing international dialogue and 
discussion. 

- Bette Hileman 



Toxicology in the 
Arkansas pine country 

With some unique scientific and personnel policies, 
the National Center for Toxicological Research 

overcame a once poor reputation to evolve into a major 
federal laboratory studying the whole gamut of toxic actions 

of pharmaceuticals, foodstuffs, and pollutants 

In the last analysis, all toxicology 
laboratories share a common goal. 
They aim to establish or predict the 
effects of given biological or chemical 
materials on humans from microbial, 
animal, and other tests. The motives 
for these types of studies differ from 
laboratory to laboratory. For example, 
an industrial laboratory might aim to 
demonstrate that a chemical or drug 
that the firm wants to introduce com
mercially will not present an unrea
sonable health risk. On the other hand, 
a federal government laboratory, or 
one of its academic contractors, may 
seek to develop data to serve as a sci
entific basis on which regulatory action 
should, or should not, be taken. 

Even within the federal establish
ment, toxicology laboratories, of which 
there are perhaps 20, differ. There are 
a number of such differences: the 
manner by which the laboratory works 
to forecast human effects; the lead 
agency to which the laboratory direc
tor reports; and the inventory of 
capabilities, equipment, facilities, and 
scientists within the laboratory. Also, 
like any other establishment, a labo
ratory is only as good as its scientists. 
Its personnel, especially the scientists 
and director, give it its character 
through the nature, quality, and 
quantity of the work done, and through 
the policy decisions of the director and 
management. 

NCTR: Studies from molecular to whole-body level 

The National Center for Toxico
logical Research (NCTR, Jefferson, 
Ark.) is similar to other federal toxi
cologicallaboratories in that it shares 
a common goal of determining risks to 
human health and welfare and pro
vides data that may be used in regu
latory decision making. The way 
NCTR goes about determining such 
risks is different, however. With 
foodstuffs, pharmaceuticals, and en
vironmental chemicals, this facility has 
to develop the necessary data for pos-

sible future regulatory activity. To 
carry out this task, the Center has es
tablished what is reputed to be one of 
the most highly computer-automated 
toxicology laboratories in the U.S. 

Another special capability of 
NCTR is its ability to study long-term 
effects of low doses of substances on 
animals, with a minimum of influence 
of extraneous factors. "The Center does 
this better than most other laboratories 
can," Gerald Meyer, associate com
missioner of the U.S. Food and Drug 
Administration (FDA), suggested to 
ES&T. 

Still another characteristic that 
differentiates laboratories is found in 

. the goals that a director may envision. 
For instance, NCTR director Ronald 
Hart wants to use the facilities and 
know-how of his staff to ascertain the 
pharmacological mechanisms of all 
types of toxic action, from the molec
ular and cellular to the whole-body 
level. He wants to know what the tox
icological end point for a substance is 
and how the toxicant reaches that end 
point from entry into the cell, organ, or 
body, to the final effect(s). 

A National Research Council staff 
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member explains the difference by 
saying that some toxicological labo
ratories seem to concentrate more on 
one aspect of toxicology, such as DNA 
adducts or particular epidemiological 
effects, whereas the present NCTR 
policy is to try to examine as many 
toxicological processes as possible. 
Another policy is to attempt to develop 
means of quickly and reliably esti
mating which chemicals present real 
threats and require longer-term, more 
costly testing. 

Growing pains 
Administratively, NCTR reports to 

the FDA commissioner. Most of its 
$22 million funding for fiscal 1983, 
about 80%, is from FDA, with the 
balance furnished by other agencies 
through interagency agreements. The 
center occupies 496 acres next to the 
IS 500-acre U.S. Army Pine Bluff 
Arsenal, of which it was once a part. 
There are about 600 employees, 300 of 
whom are federal civil service and the 
rest contractor personnel. Until 1969, 
classified research on biological war
fare agents took place there. 

In 1969, then-President Richard 
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Nixon ordered an end to this research. 
In January 1971, he further ordered 
that a National Center for Toxico
logical Research be established under 
what is today the Department of 
Health and Human Services (HHS). 
The center was to take possession of 
the old biological warfare site at Jef
ferson, near Pine Bluff; HHS (then 
HEW) actually took title in May 
1972. 

Some members of the toxicology 
community have told ES& T that 
NCTR's beginnings and earlier history 
were difficult. It took eight months just 
to remove extremely dangerous ma
terials with potential use as biological 
warfare agents and to decontaminate 
the facility. Also, while some portions 
of the facility may have been suitable 
for production and control of micro
biological materials, the animal rooms, 
other spaces, and equipment were ini
tially inadequate for toxicological re
search of the kind envisioned for the 
Center. 

When the first director took up his 
position in 1972, "all he found at the 
place was dust," said W. Gary Flamm, 
associate director for Toxicological 
Sciences at FDA's Bureau of Foods 
and a member of the center's Science 
Advisory Council during 1973-80. "In 
the beginning, the director had to im
provise a lot. What often happens then 
is that a lab director in that kind of a 
situation can end up with more than a 
few administrative problems and much 
criticism, which mayor may not ac
tually be warranted," Flamm added. 

Apparently the Center did experi
ence difficulties. In 1977, a National 
Academy of Sciences (NAS) team 
inspected the facility and expressed 
displeasure with its operation. Shortly 
thereafter, the first director left NCTR 
and then-FDA Commissioner Donald 
Kennedy appointed Tom Cairns as 
acting director, pending a search for a 
permanent director. Ronald Hart, a 
professor of radiology at the College of 
Medicine of The Ohio State Univer
sity, assumed NCTR's directorship in 
January 1980. 

The Research Scientist Group 

When Hart took over, his first step 
was to consult with staff scientists and 
revitalize both the Research Scientist 
Group (RSG), composed of all re
search scientists at the Center, and the 
Science Council (SC), composed of all 
senior research scientists at NCTR. 
The first action of these groups was to 
prepare a set of operating standards for 
the center. These included the "Pro
tocol Handbook," which outlines how 
protocols will be prepared and re-
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viewed, both internally and externally, 
and the "Scientist Peer Review Sys
tem," which is not only rigorous but 
external to the agency. Although the 
RSG's and SC's primary functions are 
to provide initial peer review of reports 
and experimental protocols, at NCTR, 
unlike other laboratories, they have a 
considerable administrative and per
sonnel policy-making role. 

Hart: learn the whole mechanism 

The Center's external peer-review 
committee determines whether a sci
entist's productivity of rigorously 
peer-reviewable papers and protocols 
is sufficient to warrant that scientist's 
advancement or retention, or is felt to 
be such that the group would even 
recommend the scientist's demotion or 
dismissal. At the Center, a scientist 
rises or falls on such productivity, Hart 
said. He holds himself subject to the 
same policies that apply to his staff 
scientists concerning report and pro
tocol development, review, and pro
ductivity. He remains an active scien
tist and is author or coauthor of more 
than 50 publications since assuming 
the position of director. 

Another move by Hart, readily 
agreed to by the RSG and SC, was the 
phaseout, in 1981, of all non-peer re
viewed work. Nevertheless, Center 
scientists are encouraged to pursue 
initial lines of scientific inquiry, with
out immediate peer review, if it is ap
parent that such efforts might lead to 
more extensive peer-reviewed work 
resulting in contributions to the toxi
cological literature, or to experimental 
protocol development. 

Hart points to several accomplish
ments he feels that his policies brought 
about. During 1974-79, peer-reviewed 
publication productivity, not including 
abstracts, presentations, or final re
ports, ranged from 24 to 42 a year. For 
1980, this number jumped to 130; 
1981 saw 173 publications, with 180 
publications projected for 1982. The 
number of final reports went from six 
in 1980 to 24 in 1981 (with 102 in 

some stage of preparation by the end 
of 1982). 

Also, while there has not been an 
N AS review of the Center since 1977, 
members of the Board of Toxicology 
and Environmental Health Hazards 
(BOTEHH) held a working meeting 
at NCTR in 1981. BOTEHH chair
man Ronald Estabrook of the Uni
versity of Texas Health Science Center 
at Dallas explained to ES& T that al
though this meeting did not constitute 
a formal NAS review with a report, 
many board members, including Es
tabrook, were personally favorably 
impressed with the scientific and ad
ministrative procedures put into 
practice since Hart assumed the 
NCTR directorship. 

Protocol development 

The emphasis at NCTR is ulti
mately on human health effects, but 
might not the same be said about other 
agency laboratories engaged in toxi
cology? For example, the National 
Institute of Environmental Health 
Science (NIEHS) has the same em
phasis, at least as far as environmental 
contaminants are concerned. Robert 
Tardiff of the National Research 
Council says, "Yes, but NCTR does 
actual toxicity testing, while N IEHS 
does not. For instance, N I EHS is more 
likely to conduct research to see how 
carcinogenic promoters function, while 
NCTR, using peer-reviewed protocols, 
might test a foodstuff or environmental 
contaminant to determine if such an 
agent is, in fact, a promoter. In other 
words, N I EHS knows or suspects that 
there is toxicity, but NCTR actually 
tests for it." 

Since in-house and outside peer
reviewed research is the main task 
performed at the Center, the quickest 
way for a scientist to advance is by 
developing a large number of high
quality, strictly peer-reviewed experi
mental protocols in various aspects of 
toxicology. This policy was adopted by 
Hart with his RSG and SC in 1980, 
Such protocols become a part of the 
experimental literature in toxi
cology. 

A scientist might note that a poly
nuclear aromatic hydrocarbon 
(PAH) seems to have no carcinogenic 
effects, but does have a molecular 
structure that makes him suspect that 
certain metabolites of the PAH could 
be potently carcinogenic. The scientist 
would propose his concept. If it is ap
proved by Hart and the RSG, he would 
become principal investigator (PI). 

The scientist then searches the lit
erature and consults with other 
knowledgeable people in his field, in 
and out of the Center, to learn what, if 
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any, other work was done on this par
ticular PAH. Next, as PI, he prepares 
a proposal paper that sets forth the 
goal of the proposed research, prefer
ably with a beginning hypothesis that 
can be tested experimentally. The PI 
also lists specific "milestones" he ex
pects to reach, with a projected time
table for reaching them. 

The paper would cite deficiencies in 
knowledge-in this case, about the 
PAH compound and its metabolite(s). 
It includes any restrictions or limita
tions there may be on the scope of the 
PI's research. For example, limits can 
be imposed by an outside organization 
sponsoring such research. 

Experimental methods are listed, 
along with the rationale for choosing 
these methods, including possible 
shortcomings or limitations, alterna
tive approaches, and, as necessary, 
procedures for compliance with any 
OSHA, Good Laboratory Practices 
(GLPs), and other federal regulations 
that may apply. The Center is in a 
good position to judge GLPs, since it 
helped to train nearly 600 G LP in
spectors for FDA, EPA, and two other 
agencies, since 1976. Finally, benefits 
(especially those health related ones), 
innovations, expected costs, and other 
pertinent information are documented. 

The first review is by the internal 
RSG for scientific validity; a further 
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review covers safety and GLP evalua
tion. Given favorable comments from 
the RSG, which itself consists of 
principal investigators, the next re
viewers are senior scientists comprising 
NCTR's Science Council. After 
council approval, the protocol is sent to 
Hart. Even if he likes the protocol plan, 
he will most likely send it for further 
assessment to government or academic 
experts outside the Center, of which 
NCTR uses about 200. 

If the outside peer review, which is 
conducted by three to seven interna
tionally recognized scientists, achieves 
a score of "excellent," resources are 
allocated; the results, positive or neg
ative, are used as part of the "Scientist 
Peer Review System," which helps to 
determine one's rank and advancement 
at the Center. Moreover, after a pro
tocol has been carried out, all final 
reports are subject to the same rigid 
in-house and outside peer-review pro
cess. 

In addition, NCTR has an outside 
Science Advisory Council (SAC), to 
which the University of Texas's Esta
brook was recently appointed. How
ever, Estabrook told ES& T that to his 
knowledge, this SAC has not met in 
recent years to give the Center a 
"needed input by outside reviewers." 
However, he expressed his hope that 
Hart would welcome a meeting of this 

group of scientists "to help him eval
uate the activities at NCTR." 

Short-term tests wanted 
Experimental know-how built up 

from sound protocol development can 
help to reduce the difficulties, time, 
cost, and general "pain" involved in 
conducting research on toxic sub
stances. Without this know-how the 
sheer number of chemicals needing 
testing could swamp the capabilities 
not only of NCTR, but of alliabora
tories equipped to do such work. An
other problem facing researchers is 
budgets of increas ing austerity. Thus, 
new methods and a better under
standing of ways to detoxify, or predict 
the toxicity of compounds on human 
populations "are desperately needed," 
Hart says. 

Long-term, low-dose testing of sin
gle chemicals, or even combinations of 
chemicals, on a large number of ani
mals for the fullest possible picture of 
toxic effects from molecular to 
whole-body level is a special NCTR 
capability. But while such tests can 
certainly lead to thorough knowledge, 
they cannot keep up with the need for 
tests. In Hart's view, shorter-term tests 
are needed. Results from shorter-term 
tests could indicate the compounds 
that require longer-term tests. To save 
time and money, and to increase effi-
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ciency, Hart wants to develop meth
odologies that could predict toxic ef
fects at various levels. These predic
tions might also suggest longer-term, 
more extensive studies. 

This development of valid short
term tests would be in conformity with 
the objectives of the National Toxi
cology Program (NTP); NIEHS is the 
lead agency of NTP and the Center is 
a major participant. In fiscal 1981, 
about $7 million, or one-third of 
NCTR's total budget went into NTP 
work. One aim of the program is the 
testing of selected compounds that are 
widely used and may have public 
health implications. Examples include 
caffeine, gentian violet, and certain 
antihistamines. 

Other NTP efforts encompass 
chromosomal/ genetic damage, carci
nogenicity, teratogenicity, and routes 
of exposure to chemicals that might 
engender these effects. In addition to 
these types of studies, Hart hopes the 
center will gain more knowledge of 
genetic repair mechanisms and develop 
valid experimental protocols for de
termining how DNA repair might be 
brought about. 

The" A Barrier" 
For testing at NCTR, there is a 

tremendous array of analytical 
chemistry instrumentation, animal 
care/feeding/diet set-ups and rooms, 
and pathology facilities. There are, for 
instance, advanced gas, high-perfor
mance liquid, and thin-layer chromat
ographic instruments, nuclear mag
netic resonance (NMR) and mass 
spectrometers (MS), and specific 
pathogen-free rodent breeding facili-

ties (13 rooms, 517 ft2/room). The 
Center also has a 1000animal primate 
breeding colony. 

The newest NMR spectrometer at 
the Center is a powerful 500-kHz unit 
that cost about $550000-"a little 
over $lOOO/kHz," Ron Mitchum, di
rector of NCTR's Division of Chem
istry, said. He explained that this de
vice will detect minute traces of toxic 
organics that can be more precisely 
quantified by other means. What 
about a triple-quadrupole MS? "We 
don't have one right now," Mitchum 
said. "But when we need a triple-qua
drupole, we don't plan to acquire one, 
since we have the people and know
how to design and build it our
selves." 

Facilities to synthesize chemicals 
under rigorous safety conditions are 
available. For example, to run large
scale, low-dose tests of a PAH me
tabolite-e.g., 7-methylbenz[a ]an
thracene-trans-7 ,8-diol-anti-9, I 0-
epoxide-one needs gram quantities 
of this substance to feed to many ani
mals. This metabolite, a suspected 
"proximate" or "ultimate" carcinogen, 
would exist in an animal's body in 
nanogram amounts. At NCTR, com
pounds such as these can be synthe
sized in the needed quantities in labo
ratories that are constructed so that 
scientists and technicians- specially 
garbed, as necessary-do not come 
into contact with such chemicals. 
Properly sealed in a vial, this particular 
metabolite would probably appear as 
a nondescript, innocent-looking white 
powder. 

Another facility is the" A Barrier" 
comprising 21 rooms totaling 35 000 

Chemical studies at NCTR In 1981 _ .. -- E ........... _ 
Type .. oIudJ 

_. _lOr oIudJ 

Acute/clvonlc 20 Lindane 
Biochemical/cellular/ 106 Dlbenz [a )entIv"acene-11ans-3,4-d101 

tissue effects 

Carcinogenesis 63 Benzo[ a) pyrene 
Immunologic toxicity 27 Chloroacetlc acid 
Mutagenesis/genetic toxicity 44 Dimethylnitrosamine 
Nell"ologlc/behavloral 5 Methylmercury 

toxicity 

Nutritional studies 2-Acetylamlnofluorene 
Pharmacokinetics/ 111 Phenanthrene 

metabolism 

Reproductive/developmental 28 Carbon disulfide 
toxicity 

Systamlc/organ toxicity 9 [3H)4-Nltroblphenyl 
Chemistry 149 (l3C)TCOO 

• Some chemicals may have been used In more than one type of study. 
Source: NCTR 
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ft2. Not only is it kept pathogen-free, 
but air, water, light, temperature, hu
midity, and other factors are strictly 
controlled by a center-wide computer 
monitoring system. Anything-human 
or animal-entering goes through 
decontamination. Scientists and others 
must brush their teeth, gargle, shower, 
and wear sterile work clothes, includ
ing a surgeon's mask. People with ac
cess to the "A Barrier" are subject to 
complete periodic physical examina
tions. A filtering system captures vir
tually all bacteria, viruses, particles, 
and airborne chemicals. Personnel 
move from cleanest to less clean rooms 
with no retracing of steps. 

The Center has garnered much 
know-how about animal diets and 
about the precise metering of a chem
ical or group of chemicals to be ad
ministered. One example is a large 
rodent feeder that greatly reduces 
spillage and loss; it has been used in an 
experiment involving 24000 mice. 
Another approach to ingestive feeding 
could remove the need for gavage, a 
painful method of administering dis
crete amounts of substances through 
a tube passed through the animal's 
trachea. The tube carrying the mate
rial to be tested goes directly to the 
animal 's stomach. In some cases, ga
vage can actually kill the animal. To 
prevent this, NCTR is evaluating the 
feasibility of microencapsulation of the 
test chemical(s), which are then mixed 
in the animal's food. The capsule 
readily dissolves in the animal's gastric 
system, allowing the chemical access 
to the animal's body in the desired 
amount. 

Lines of defense 
There are other modern, sophisti

cated equipment items, along with the 
scientists and technicians qualified to 
operate them. They are all being used 
to learn all that is possible about how 
and why a given material or material 
combination is toxic. This work in
cludes studies in mutagenicity, tera
togenicity, carcinogenicity, and acute 
toxicity, from minor impairments of 
body function to lethality. 

Hart believes that with such thor
ough knowledge, lines of defense can 
be built up. They vary from technical 
and regulatory steps for minimizing 
exposure to devising corrective mea
sures that could be taken if it is sus
pected that exposure has occurred. He 
envisions countermeasures that could 
run the gamut from improved means 
of detoxification at whole-body level to 
interrupting carcinogenesis mecha
nisms and finding ways of bringing 
about repairs at chromosomal, genetic, 
and DNA levels. - Julian Josephson 



Regulatory reform legislation 

Michael R. Deland 

A veritable explosion in govern
mental regulatory activity has oc
curred in the past 20 years. The num
ber of state regulatory agencies in
creased from 150 in 1960 to 1500 in 
1979. Since 1969, 26 new federal 
agencies have been created, including 
the Occupational Safety and Health 
Administration, the Consumer Pro
tection Agency, and EPA. 

The volume of regulations also has 
proliferated. In 1960 there were 14000 
pages in the Federal Register, by 1970 
the number had grown to 20 ODD, and 
by 1980 to 87000. (President Rea
gan's regulatory reform program re
versed this trend, and by 1981 the 
pages had been reduced to 64 000.) 

The costs created by regulations 
have soared concurrently and are now 
estimated by the business community 
to be $100 billion or more per year. 
While it is widely recognized that the 
costs of not regulating also can be 
substantial, as evidenced by the Love 
Canal tragedy, there is clearly a con
sensus that some form of regulatory 
reform is needed. 

The procedures by which agencies 
promulgate regulations are still gov
erned by the Administrative Procedure 
Act (APA), which was passed in 
1946- long before the sweeping 
change in the nature and reach of 
agency rule making. In the past five 
years, both Democratic and Republi-

'can administrations have pushed for 
regulatory reform legislation, and two 
successive Congresses have debated it, 
thus far without final enactment. On 
March 24, 1982, the Senate passed a 
regulatory reform bill by a 94- 0 
vote, but despite strong bipartisan 
support and designation by President 
Reagan as a top priority for the lame
duck session, a comparable version 
(H .R. 746) has yet to pass the 
House. 

Legislative goals 

The reform effort is supported by a 
broad business coalition and by groups 
such as the American Bar Association. 
The major goal of the legislation as 
envisioned by these groups is to force 
the regulatory agencies to be ac
countable-to justify on the record 
their regulatory initiatives. If this is 
done, the quality of agency decision 
making should improve. 

The proposed bills, which pertain 
only to "major" rules (defined as those 
that have an annual impact on the 
economy of $100 million or more) , 
seek to accomplish this goal by several 
means. First, agencies would be re
quired to analyze whether the rule is 
needed and to set forth the benefits it 
is likely to achieve, along with the ad
verse effects it is likely to produce. 
Agencies also would be required to 
identify and analyze reasonable al
ternatives and to evaluate their merits 
against the proposed rule. Second, the 
opportunity for public participation in 
the rule-making process would be ex
panded by providing an opportunity 
for oral presentation and for limited 
cross-examination. 

Another key element of the current 
House compromise bill is the Bumpers 
Amendment, named after its chief 
sponsor, Sen. Dale Bumpers (D-Ark.). 
Under existing law, the exercise of 
agency discretion can be successfully 
contested only if it can be shown to be 
"arbitrary and ca pricious." The 
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amendment would make it easier to 
challenge an agency regulation by re
quiring that the agency have " sub
stantial support" in its rule-making file 
to justify its action and to avoid an 
arbitrary and capricious finding . 

Major objections 

Opponents of the legislation include 
many environmental, consumer, and 
labor groups, who fear that regulatory 
reform could be a " back-door way" to 
weaken protection of public health, 
safety, and the environment. Their 
cause is championed in Congress by 
House Energy Chairman John Dingell 
(D-Mich.), who, while strongly sup
porting "the notion of genuine regu
latory reform," believes the current bill 
is a "hodgepodge" of concepts and 
proposals that would result not in re
form but in "further delays and new 
opportunities to challenge often needed 
health, safety . .. and other essentia l 
regu la tions." 

Opponents of the bill have three 
major objections. First, they feel that 
the legislation would impose so many 
procedural steps on agencies that it 
would "bog down" the regulatory 
process. Second, they say a reliance on 
cost-benefit analysis, however modi
fied , "inevitably skews a decision in 
favor of costs'? since they are easier to 
quantify than benefits. Finally, the 
opponents strongly object to giving the 
Office of Management and Budget 
any statutory authority to "interfere in 
the regulatory process," particularly 
that of the independent agencies. 

Regulatory conditions today are 
dramatically different than they were 
36 years ago when the APA was en
acted. Few question that regulatory 
reform is needed; and Congress, after 
four years of debate, should be pre
pared to participate creatively in the 
reform process. 

Deland writes this column monthly and is 
counsel to ERT. Concord, Mass. 
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Commercializing 
biomass conversion 

Here are some of the methods, prospects, and problems 
involved in converting plant material. Although energy production 
presently generates more interest, perhaps the first aim should be 

toward making organic products with higher profit potential 

24A Environ. Sci. Techno!. . Vol. 17, No. 1. 1983 0013-936X/82/0916-0024A$01 .50/ 0 © 1982 American Chemical Society 



Henry R. Bungay III 
Department of Chemical and 
Environmental Engineering 

Rensselaer Polytechnic institute 
Troy, N. Y. 12181 

Many of the oil-importing nations 
of the world are fighting for economic 
survival because fuel costs are rapidly 
draining their financial resources. 
While not in such desperate economic 
straits, the U.S. also suffers from the 
high cost of imported petroleum. 

Recently there has been a virtual 
halt in oil price increases; this can be 
ascribed to several factors. These in
clude a decline in world demand, 
brought about by a business recession; 
better performance of motor vehicles 
with respect to mileage per gallon of 
fuel used; and more efficient use of 
fuels in factories and homes. However, 
this pause in petroleum price increases 
is probably temporary. 

Therefore, alternatives must be ex
amined, and biomass as a feedstock for 
fuel and chemical industries is one 
option that has attractive prospects. 
Initially, perhaps, biomass industries 
will be small factors in large markets 
keyed to expensive fossil feedstocks ; 
nevertheless, there should be oppor
tunities for sizable profits. It is also 
expected that products made from 
biomass can be priced at competitive 
levels. 

Biomass, created mainly through 
photosynthesis, is one of nature's 
"techniques" for utilizing solar energy. 
Most other technologies for harnessing 
the sun's energy present formidable 
engineering problems. For example, 
photovoltaic devices are expensive to 
construct; they require maintenance; 
and they must have provisions for en
ergy storage for times when the sun is 
not shining. Mounting solar converters 
in space and beaming microwave en
ergy continuously to the earth is far too 
expensive- especially when the mi
crowave intensity may be roughly the 
same as that of sunlight-and could be 
hazardous. On the other hand, boilers 
powered by focused sunlight, wind 
energy, generation of electricity using 
thermal differences in the oceans, wave 
energy, and other means of direct or 
indirect harnessing of solar energy 
could make significant contributions 
if and when economic and logistical 
conditions are favorable, but it is hard 
to predict when such favorable condi
tions may be achieved. 

For these and many other reasons, 
biomass has some very attractive fea
tures. For instance, no backup system 

is needed for energy storage. Biomass 
is quite reactive, especially when it 
consists of sugary or starchy materials. 
Since many different plants con
stituting biomass are roughly equiva
lent in energy potential, no one plant 
need have an exclusive market; thus, 
because of the diversity of resources, 
cellulosic materials may be expected to 
have stable prices. Finally, the agri
cultural technology for growing bio
mass is essentially well established. 
However, biomass resources are very 
diffuse, as compared to concentrated 
deposits of coal, oil, and gas; biomass 
has a high moisture content that re
sults in higher mass and lower fuel 
value; and the most promising con
version technologies need further re
search and development. 

In the U.S. and several other 
countries, there is ample biomass; its 
rate of growth is appreciably greater 
than the rate of fossil fuel consump
tion. Nevertheless, there are formi
dable obstacles to biomass utilization. 
First of all, nutrients for new growth 
are provided to the soil as plants com
prising natural growth decay and die. 
Soil fertility may decline rapidly if we 
intercept the growth and take from the 
land without returning nutrients such 
as organic matter, nitrogen com
pounds, and phosphate to it. Amounts 
of biomass can increase dramatically 
with fast-growing species and sound 
management, but there are maxima in 
growth rates and in the efficiency of 
capturing sunlight. In addition, in few 
areas of the world is water so abundant 
that its cost can be neglected. More
over, fertile soils are needed to grow 
food. Nevertheless, there are sufficient 
resources now to allow large biomass 
industries to get under way. Indeed, 
many farms of the future may produce 
food, fiber, and energy feedstocks. 

There would be little merit in bio
mass fuels if the percentage of their 
contribution to the total available en
ergy declines while the total demand 
for all energy keeps on soaring. How
ever, all sources of energy have limi
tations, and none can keep up with an 
insatiable demand. It is likely, there
fore, that energy costs will become so 
high that nations must approach an 

. energy demand ceiling under which 
biomass can become a key contrib
utor. 

Energy busi nesses today collect 
fossil gas, coal, and oil, then subject 
them to a minimal cleanup and rear
rangement to produce cheap fuels . A 
competing biomass industry should not 
need sophisticated processing in order 
to obtain products similar to the feed
stocks of today's energy industries. 

Actually, biomass conversion could 
probably achieve commercial success 
much sooner if it focused on more 
valuable, high-quality fuels and 
chemicals rather than on cheap sub
stitutes for gas and heating oil. 

Biomass factories have an upper 
limit on size, because feedstock logis
tics are critical. Hauling costs are sig
nificant; thus, a reasonable size might 
be based on fitting loading, hauling, 
and unloading into normal work shifts. 
Distances allowing two round trips per 
truck per day would be attractive. A 
factory processing 1000 tonsJd (dry 
basis) seems to be a good compromise, 
big enough to realize economies of 
scale, while drawing feedstock from a 
50-80-km radius to keep hauling costs 
in line. Per unit of product, it can cost 
several times as much to build a small 
plant, so large factories would have a 
distinct advantage. 

Feedstocks 
Terrestrial plants. The cost of land 

must be affordable, and there must be 
suitable soil and climate. Future fer
tilizer and water costs are unpredict
able; biological fixation of nitrogen and 
recycling of phosphates and of water 
could stabilize the costs for biomass 
plantations. It is difficult to estimate 
real cost when there are subsidies, de
pletion allowances, tax incentives, 
supports in the form of government
built highways, etc., but biomass in
dustries will resemble agribusiness, 
with variations caused by weather and 
market interplays. Thus, the pattern of 
costs should be steady except for these 
perturbations. 

New multipurpose crops that supply 
food, fiber, and chemicals can revolu
tionize agriculture, but existing bio
mass can lead the way. Many nations 
have enough trees to supply a large 
bioconversion program, although most 
agricultural residues are presently put 
to poor use. Usually, residues are left 
on the ground to rot and thus provide 
some erosion control and feed some 
organic matter back to the soil. As 
these residues are diverted to biocon
version, new methods of soil manage
ment must be devised. 

Some of the new crops being studied 
have exciting prospects. For example, 
mimosa is a woody legume that derives 
much of its nitrogen from the air. 
Several plants with reasonably high 
productivity can thrive in alkaline soils, 
and some tolerate quite brackish 
water. This would allow some lands 
now considered useless to be employed 
for cultivating biomass. 

Aquatic plants. Plants grown in 
water can utilize areas not committed 
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to other purposes. Fresh waters are 
usually part of reservoir, shipping, or 
recreational systems, but there may be 
opportunities for growing biomass. 
Certainly, streams naturally choked by 
water hyacinths might be dedicated to 
biomass production. Lakes, streams, 
marshes, and freshwater impound
ments can be used to grow many dif
ferent plants, but floating species offer 
advantages for easy harvesting. Hy
dril/a, duckweed, and various algae 
show promise, and water hyacinth is 
very productive in hot climates. Of the 
rooted plants, cattails are particularly 
attractive because of their wide geo
graphic range and high productivity. 

Several aquatic plants can convert 
nitrogen in the atmosphere to organic 
nitrogenous compounds. This can 
eliminate or greatly reduce the need 
for fertilizer. In India, nitrogen-fixing 
algae are grown in very shallow ponds 
and allowed to dry; they are then used 
as fertilizer. It is also common in Asia 
to grow the water fern Azolla that has 
internal symbiotic algae. Azolla is the 
most efficient known fixer of atmo
spheric nitrogen and produces excel
lent fertilizer for rice fields; it might 
itself be a good food or feedstock for 
fuels and chemicals. 

Marine plants have high maximum 
growth rates, and the open oceans offer 
vast growing areas. Unfortunately, the 
ocean surfaces are too low in nutrients. 
Nevertheless, there are schemes to 
anchor giant kelp in the oceans and to 
use wave action to pump nutrient
laden water from the depths. Indeed, 
proponents of kelp cultivation have 
forecast wildly optimistic yields and 
have minimized the problems of kelp 
nutrition and of economical process
ing. Some aspects of the U.S. Depart
ment of Energy's projects with kelp 
developed into a scandal (I) . 

A floating marine plant with great 
potential is Sargassum; it grows in 
relatively shallow waters that hold 
nutritious sediments that would settle 
in the open oceans, and it might be 
harvested by wind action. Also, some 
other algae excrete oils or waxes when 
the nitrogen supply is limited, but their 
production rates are poor. Perhaps 
genetic modifications might result in 
strains with good productivity. 

Plants containing sugars or starch. 
Land plants that produce sugars are 
well-known (sugarcane, maple trees, 
sorghum, and sugar beets). The sugars 
are used mostly as food, but many 
chemicals can be derived from them. 
Starchy plants, such as corn, potatoes, 
and cassava, are also important foods. 
In the U.S., in addition to food needs, 
there is sufficient corn that can be al-
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located to fermentation for ethanol 
production. However, the economics 
of corn alcohol would be rather unat
tractive without government incen
tives. 

Plant exudates. Rubber is produced 
on tree plantations, but guayule is 
considered a promising alternative. 
Many plants contain latex or suspen
sions of steroids, waxes, or hydrocar
bons. Most such plants are found in 
arid regions and tend to have low 
growth rates. However, modern ge
netics may transform them into min
iature chemical factories. Plants that 
produce hydrocarbons or chemicals 
directly have an exciting future for 
rubber and high-value organic com
pounds, but not for cheap fuels. 

Exudates from coniferous trees such 
as pine seem to have been overlooked 
as potential major replacements for 
petrochemicals. Applying the herbi
cide paraquat to pine trees stimulates 
production of up to 10 times more resin 
and turpentine than is normally pro
duced, and the yields are in excess of 
the most optimistic estimates for exu
dates from arid-land plants on a per 
hectare basis. If the wood and pine 
chemicals are valuable coproducts, 
quite profitable operations are possi
ble. The existing industry, known as 
gum naval stores, has been in sharp 
decline because of obsolete technology 
and high labor costs, so new methods 
would be important for exploiting the 
greatly increased yields of exudates 
(2) . 

Energy cane. Until very recently, 
only the sucrose in sugarcane attracted 
commercial interest. Strains were 
chosen for the highest yield of sugar at 
the lowest cost. Many other strains 
that produced excessive leaves or stalks 
were shelved or discarded. 

Prior to cutting, the practice in 
many countries is still to burn the 
leaves; this creates air pollution and 
can be hazardous because sudden high 
winds can spread the flames and dev
astate adjacent fields. The residue re
maining after the sugar is extracted, 
bagasse, is still discarded at some sugar 
refineries, although most now use it to 
replace expensive boiler fuels. 

In Puerto Rico, there is an exciting 
program to grow "energy cane," using 
sugarcane varieties that produce 
roughly the same amount of sugar as 
do customary varieties but with about 
twice as much total biomass (3). Such 
a crop could provide a reasonable 
sugar yield plus boiler fuel far in excess 
of the needs of the sugar refinery. This 
extra biomass is fully satisfactory as 
fuel for generation of electric power, 
once it is dried and reduced to a parti-

cle size easy to handle and burn. The 
economy of the island of Puerto Rico 
has suffered greatly from increases in 
the price of oil, so lower cost fuel from 
energy cane is very attractive. 

Thermochemical confersion 
Woody plants were the fuels for 

primitive humans. Plants used as fire
wood have been surveyed, and shift
ing to different species could increase 
wood availability in many areas of the 
world (4) . The present technology for 
burning wood ranges from an open fire 
on the ground to very modern, fluid
ized-bed combustion of sized and dried 
particles. 

Even highly developed nations de
rive significant benefit from wood for 
heating homes and generating power. 
Furthermore, biomass is low in sulfur 
and requires less pollution control 
equipment than does the burning of 
coal. Although wood combustion can 
meet needs for cooking and for heating 
of homes, there would be a benefit 
from more efficient burning in large 
power plants. This improvement must 
be balanced against the cost of distri
bution systems and power line losses. 

A problem with wood burning is the 
greater air pollution generated by 
many small, inefficient fireplaces. If 
firewood is dried or pelletized, better 
combustion more than repays the cost 
and energy of treatment. 

Thermochemical conversion of 
biomass to fuels and chemicals is de
rived from technologies used for coal. 
Biomass is widely distributed and 
cannot achieve economies of scale 
anywhere near those of very large coal 
conversion factories, but biomass is 
quite reactive and may be leII5 costly to 
process. Practically any carbonaceous 
feedstock is suitable for thermochem
ical conversion. 

Options are gasification, pyrolysis, 
and liquefaction. Pyrolysis of biomass 
was important commercially until it 
was displaced by less costly conver
sions of petroleum in the 1930s. The 
products of pyrolysis are organic liq
uids such as acetone, acetic acid, and 
various alcohols; tar; and char. Liq
uefaction of biomass requires high 
temperatures and pressures, and the 
capital investment and operating costs 
are quite high. Neither of these ther
mochemical conversions can be con
sidered competitive with gasification 
at present. 

There has been much more research 
on conversion of coal than on biomass, 
and experiences with large-scale gas
ification such as the SASOL process in 
South Africa can be evaluated by 
other nations. This process leads to 



synthesis gas, a mixture of carbon 
monoxide and hydrogen, which can be 
used to make many different chemi
cals. Methanol is the leading candidate 
for a fuel product, and ammonia made 
with nitrogen from air plus hydrogen 
from synthesis gas would fit into a 
biomass cycle as fertilizer. At present, 
natural gas is the preferred feedstock 
for synthesis gas even though coal is 
cheaper, because handling is simple for 
gas, whereas coal presents cleanup 
problems. Biomass would have to be 
relatively inexpensive- probably less 
expensive than coal- to become the 
feedstock of choice, because it is bulky, 
widely distributed, and costly to col
lect. 

There have been numerous designs 
of gasifiers for biomass; most of the 
effort has been directed toward fairly 
small units . It seems that engineers 
recognize the scale required for really 
economic operation, but think of gas
ifying biomass mainly as an auxiliary 
operation in connection with the dis
posal of surplus material. For example, 
several small gasifiers are designed to 
use piles of wastes to generate low
BTU gas for local use. Very large 
gasifiers for coal can be future models 
for biomass, but small gasifiers are not 
yet a particularly attractive invest
ment. 

A typical design of a gasifier is 
shown in Figure I. Countercurrent 
flow provides heat economy in that the 
hot gas warms the incoming feedstock. 
Figure 2 shows the effects of scale and 
feedstock cost on the required price of 
the product gas (5). By comparison, 
natural gas costs about $6/ million Btu, 
and wood chips cost about $30/ton. It 
does not seem, therefore, that gasifi
cation of wood chips is profitable at 
present. Very large installations are 
required to achieve a respectable re
turn on investment. This very large 
scale also implies considerable risk, 
and private companies are reluctant 
to commit themselves to such a major 
expenditure without government help 
or loan guarantees. Even the South 
African ventures are unattractive in 
the present financial climate; their 
production of liquid fuels was moti
vated mainly by the need to be more 
independent of oil suppliers with hos
tile political views. 

Anaerobic digestion 

Conversion by anaerobic digestion 
seems very attractive, since the process 
uses simple equipment and little con
trol. However, there has been wide
spread dissatisfaction with anaerobic 
digestion in closely related operations 
with sewage sludges, because the mi-
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crobial cultures are easily upset. An 
anaerobic digestor for fuel gas must 
overcome the problem of microbial 
culture inhibition if reliability is to be 
ensured. Furthermore, the product gas 
is roughly two-thirds methane and 
one-third carbon dioxide, which must 
be removed to bring the heating value 
to that of pipeline gas. This requires an 
investment in a relatively sophisticated 
purification process. 

Several countries have had major 
programs for generation of methane 
gas with moderate heating value by the 
small-scale digestion of manures or 
organic wastes. China reports fair 
success, but the efforts in India have 
had a less favorable outcome. Indi
vidual farmers often have insufficient 
manure to warrant constructing a di
gester, so several must band together. 
Fair distribution of gas and of the 
sludge as fertilizer is difficult to 
achieve. In any event, some installa
tions have been abandoned as not 
worth the effort, while others appear 
to work reasonably well. 

Still, prospects for anaerobic di
gestion are improving because of new 
reactor designs such as those with beds 
packed with organisms. There have 
been reports of methane of 90% purity 
from digesters packed with immobil
ized organisms. This would eliminate 
the gas purification steps. Pretreat
ment aids digestion, but such pre
treatments are much the same as those 
for cellulose hydrolysis processes that 
lead to more valuable products. 

Digestion to produce materials other 
than methane seems sensible. For ex
ample, heavily loaded digesters tend to 
accumulate organic acids, and the 
production of methane is inhibited. 
However, such short-chain acids have 
reasonable value, although isolating 
them from crude mixtures would be 
expensive. While anaerobic digestion 
to methane might be profitable when 
the feedstock is cheap, a better return 

TABLE 1 

on investment should result from 
aiming at a more valuable product. 

The most likely arrangement for 
digestion of biomass is a two-stage, 
thermophilic digester. Packed-bed 
digesters may soon be used commer
cially, but there are construction de
tails and mass transfer problems that 
need more study. A rough economic 
analysis is given in Table I (6). 
Scale-up is less of a problem for an
aerobic processes than for thermo
chemical processes, because the reac
tors probably will be of a fixed large 
size. More modules could be added to 
scale up to any desired production rate, 
and the economies of scale could be 
relatively modest. 

Cellulose hydrolysis 
Hydrolysis of hemicellulose to 

mono- and oligosaccharides is easily 
accomplished with either acids or en
zymes. On the other hand, natural 
cellulose resists hydrolysis for two 
reasons-its highly ordered crystalline 
structure and a physical barrier of 
lignin surrounding cellulose fibers. 
However, some of the most striking 
advances for the programs supported 
by the U.S. Department of Energy 
have involved various pretreatments 
that render cellulose amenable to easy 
hydrolysis. 

The approximate composition of 
lignocellulosic materials is: cellu
lose-25-50%; hemicellulose-20-
35%; and lignin- 18- 35%. Each major 
component should be converted to 
products to maximize income and to 
minimize waste treatment costs. 

Acid hydrolysis. Acid hydrolysis of 
wood is an old technology; projects 
during World War II led to the Mad
ison process, which optimized time, 
temperature, and acid strength. While 
the process is not economical in the 
U.S., other countries, particularly the 
U.S.S.R., have many plants for hy
drolyzing wood to sugars. A few plants 
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produce alcohol by fermenting the 
sugar, but single-cell protein for ani
mal feed is the most common product. 
Furfural is sometimes derived from the 
breakdown of the pentose fraction of 
hemicellulose. 

Acid hydrolysis leads to a sequence 
of reactions. Hydrolysis is approxi
mately 1000 times faster for hemicel
lulose than for cellulose. The sugars 
from each are degraded by acid to 
resins, polymers, and furfural deriva
tives. Reaction conditions are thus set 
for a compromise between hydrolysis 
and degradation such that the final 
mixture contains unreacted biomass, 
unwanted products, and the desired 
sugars. Since the sugars from hemi
cellulose are formed early, there is time 
for considerable degradation leading 
to major losses. With sulfuric acid, 
which is normally used, the maximum 
yield of fermentable sugars is about 
55% by weight of starting cellulose. 
Better performance is obtained with 
other acids, and methods are being 
developed for more economical re
covery of these more expensive acids. 

Hemicellulose can be removed by 
dilute acid treatment with very little 
effect on the cellulose. Bacteria, molds, 
and yeast ferment these sugars, con
sisting mainly of xylose, to ethanol, but 
other products are usually present, and 
poor microbial tolerance of ethanol 
prevents its accumulation. An enzyme 
can be added to form xylulose from 
xylose; common yeast then ferments 
xylulose to ethanol in excellent yields. 
This enzyme is identical with glucose 
isomerase, which is relatively inex
pensive due to its widespread use in 
converting glucose to high-fructose 
syrups for commercial sweeteners. A 
serious drawback is the need to recycle 
unreacted xylose back from the fer
mentation step to the enzyme to ap
proach again the concentrations of the 
equilibrium mixture. 

Several groups of scientists have 
created yeast strains that have isom
erase activity and thus need no sup
plemental enzyme. Furthermore, or
ganisms that have the inherent ability 
to ferment xylose may be so improved 
by mutation and selection that they 
merit commercial consideration. Uti
lizing hemicellulose to produce addi
tional ethanol could lead to a 50-70% 
improvement in productivity in fac
tories using biomass. 

Direct bioconversion to ethanol. 
Using expensive enzymes to hydrolyze 
cellulose to glucose for fermentation 
could become obsolete before its first 
commercial tests, if a project at the 
Massachusetts Institute of Technology 
(M IT) is successful. Normally, the 



concept involves direct fermentation 
and hydrolysis of cellulose and hemi
cellulose to sugars, with anaerobic or
ganisms that continue fermenting the 
sugars to ethanol (7). The greatest 
single expense of other processes is 
production of cellulase enzymes, be
cause this aerobic fermentation re
quires intense, costly mixing steps and 
massive amounts of air. 

The MIT process is relatively inex
pensive, because there is little mixing 
and no aeration. Coarsely shredded 
biomass (corn stalk and leaf residue 
seem best at present) is contacted with 
a mold culture that hydrolyzes both 
the cellulose and hemicellulose, but 
ferments only the resulting glucose. A 
second organism is added later to fer
ment sugars from hemicellulose to 
ethanol. Unreacted feedstock is dried 
and burned for power. Since the pro
cess is simple, and there is little in
vestment in treating the feedstock, 
profits are possible with a low conver
sion to products. 

A mutational program has devel
oped microbial cultures that produce 
mostly ethanol and few by-products 
when grown on purified cellulose. 
Practical feedstocks do not work as 
well, and too much acetic acid is pro
duced. However, improvement of the 
culture should solve this problem. 

If conversion of cellulose is too low, 
burning of the residue produces much 
more power than is needed for the 
process. Selling excess steam or elec
tric power may not be very profitable 
unless utility companies have an ur
gent need for supplemental power. 

Enzymatic hydrolysis. Until very 
recently, neither acid hydrolysis nor 
enzymatic hydrolysis of biomass ap
peared likely to be an outstanding 
commercial success. Rates of enzy
matic hydrolysis of cellulose are very 
slow unless the feedstock is pretreated. 
Fortunately, some effective new pre
treatments lead to enzymatic cellulose 
hydrolysis with yields of over 90% of 
the theoretical amount of glucose. As 
costs of enzymes continue to drop 
dramatically, enzymatic hydrolysis is 
likely to become highly profitable. 
High titers of enzyme are produced by 
new strains of the mold, and there is no 
need for an enzyme purification step. 
The filtered broth can be diluted and 
added directly to the hydrolysis re
actor. 

Molds that produce cellulase have 
been studied intensively by Reese, 
Mandels, and their co-workers at the 
U.S. Army Natick Research Labora
tories. These efforts, plus contributions 
of other groups (especially at Rutgers 
University), have created excellent 

new strains. A modification of the 
Natick process, developed at the Uni
versity of California, Berkeley, has 
contributed engineering improvements 
and alternative treatments . 

The Gulf Oil Chemicals Company 
developed an interesting process; 
however, it has terminated research 
and development and donated the 
rights to the University of Arkansas. 
Work is continuing on simultaneous 
saccharification and ethanol fermen
tation in which sugars do not accu
mulate to slow enzyme rates by feed
back inhibition. Municipal solid wastes 
are to be used, and credits are taken for 
waste disposal when costs are esti
mated. 

There seems to be some difficulty 
with reducing the feedstock to a size 
suitable for bioconversion; in one de
sign of a factory, ball milling ac
counted for over one-third of the cap
ital cost. But Natick workers showed 
that two-roll wet milling is effective 
with waste paper and less expensive 
than milling or grinding. 

Residues from the Arkansas ex
periments have been fed to animals. 
However, it is unlikely that regulatory 
agencies would approve the meat of 
such animals for human consumption, 
because toxic material could carry 
through from the wastes. 

The success of biomass refineries 
depends upon converting all of the 
major components to valuable prod
ucts. Despite vast markets for ethanol, 
sales of ethanol alone probably will not 
generate sufficient revenue for profit
able operation. Also, inability to find 
buyers for the large amounts of lignin 
produced could be an additional eco
nomic limit for the process. On the 
other hand, lignin burns well, and 
could defray most, or all, of the fuel 
costs of a refinery. In addition, avail
ability of large amounts of relatively 
inexpensive lignin should be a stimulus 
to find more valuable uses. 

Processes that focus on lignin 

For some years, there has been in
terest in solvent pulping; that is, in re
moving lignin from wood fibers by 
extraction with an organic solvent. The 
lignin is not damaged and might 
command a premium price as a sub
stitute for phenol in phenolformal
dehyde plastics, or for various formu
lations such as adhesives and oil well 
drilling muds. With lignin and prod
ucts from hemicellulose to defray 
costs, solvent pulping might compete 
with traditional pulping methods. The 
problem is efficient recovery of ex
pensive solvents, and this is compli
cated by absorption into the cellulose 

fraction of the wood fibers. 
Two different groups have disclosed 

processes for solvent pulping with an 
emphasis on lignin recovery. Each 
yields several products and uses mild 
treatment, so that the lignin fractions 
are relatively unaffected and remain 
reactive. Such lignin is much superior 
to damaged, substituted material from 
paper pulping by the conventional 
kraft or sulfite processes. 

The Biological Energy Corporation, 
a collaborative effort of the General 
Electric Company, the University of 
Pennsylvania, Hahneman Medical 
Center, and Lehigh University, uses 
alcoholic solvents with acid or alkali to 
extract lignin from wood chips, while 
simultaneously hydrolyzing the hemi
cellulose to soluble mixed sugars. 
Lignin precipitates as the extract is 
evaporated to a sugar syrup, and the 
vapors go to solvent recovery. The 
solids from the wood chip extraction 
are cellulose with desirable properties 
for use in paper. However, commercial 
success hinges on excellent solvent re
covery, and it is not easy to remove the 
last traces of solvent from the cellu
lose. 

The other pulping process is owned 
by Battelle- Geneva, and differs pri
marily in that phenol, instead of alco
hol, is used. Hot water and phenol are 
miscible and dissolve lignin while hy
drolyzing the hemicellulose. On cool
ing, a water-rich layer forms that 
contains the sugars; the lignin is in the 
phenol-rich layer. Again, a key eco
nomic factor is recovery, and phenol, 
with a higher boiling point than com
mon alcohols, is more difficult to re
cover. Basics of solvent refining are 
shown in Figure 3. 

Economic information that has been 
released by Battelle- Geneva is in 
Table 2 (8). The plant cost is roughly 
the same for other processes for refin
ing lignocellulosic materials. 

Steam explosion of wood chips to 
make Masonite, a filler for construc
tion materials, is well known. The 
cellular structure of wood is impreg
nated with steam, and is disintegrated 
when the steam is suddenly expanded. 
Cellulose fibers are shortened and 
weakened, so there is little prospect of 
manufacturing good paper products by 
steam explosion. A Canadian compa
ny, Stake Technology, has a continu
ous process using a mechanical screw 
plus steam for exploding wood chips. 
Cattle can digest this product more 
easily than wood; and it could be 
fractionated to lignin and to hemicel
lulose sugars and cellulose. 

However, another Canadian com
pany, Iotech, has viewed steam ex-
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FIGURE 3 
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TABLE 2 

Economics of Solvent pulping 

Battelle-Geneva proceSs (derived fJ:om informatlOl) In Reference 8) 

Plant size: to produce 100 000 tons/y of celiulose pulp (700 tons/d of wood) 

eaPital investment: $34 million 

Feedstock cost: $7.5 million/y 

labor, materials, and chemicals: $14 mlilion/y 

ProdUct value: 
Cellulose pulp @ $350/ton, $35 million/y 
Pentose syrup @ 8$/lb, $7 rnillion/y 
Lignin @ 15¢/lb, $15 million/y 

plosion as a pretreatment for cellulose 
hydrolysis and has optimized the time 
and temperatures in a gun for batch 
explosion of wood chips. The cost is the 
same or less than the size reduction 
steps of other schemes proposed for 
wood hydrolysis; thus, pretreatment 
accomplishes a dual purpose. The 
choice between organic solvent pulping 
of wood and steam explosion will de
pend on the value of the products. For 
instance, paper pulp commands a rel
atively high price compared to glucose 
from hydrolyzing the cellulose, and 
this may justify the cost of solvent 
treatment. 

The lignin from the Iotech process 
is very easily recovered by extraction 
with dilute alkali. If cellulose in the 
Iotech process can be tailored to uses 
that rival the value of paper pulp, this 
all-aqueous technology should be 
highly profitable. About 7% of the 
exploded wood goes to the production 
of cellulase enzymes. Cellulase broth 
is added directly to the rest of the wood 
to achieve better than 85% of the the
oretical glucose yield from cellulose. 
Hemicellulose hydrolyzes readily 
during steam explosion and is washed 
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out as a solution to be evaporated to a 
syrup for feeding cattle (Figure 4). 
Solid residue from enzymatic hydrol
ysis is rich in lignin which can be recov
ered in quite pure form by extraction 
with dilute alkali, or the residue can be 
sold directly for adhesive applications 
such as binding of plywood or chip
board where some inert fillers are de
sirable in the resin. 

Tests of the Iotech process at a 
I OOO-L scale at the Gulf pilot plant in 
Kansas achieved about 90% of the 
theoretical yield of glucose from cel
lulose, and fermentation to ethanol 
performed well. Formulations of wood 
binders using the lignin have received 
favorable evaluations from potential 
customers. There is interest in building 
the first Iotech factory in New York 
state. Capital costs will be kept down 
and plant startup will be easier because 
the initial products will be syrups and 
lignin; the preparation of fermentation 
products such as ethanol is a project 
for the future. 

Economics furnished by the Iotech 
Corporation are in Table 3 (9). The 
return on investment appears to be 
among the best of any of the processes 

for making chemicals from biomass. 
Another advance that will lower the 

cost of enzymes is in recycling. Of the 
dozen or so components of cellulase, 
several bind strongly to cellulose. 
These can be recovered easily from the 
hydrolysate by adsorption on cellulosic 
material that can be blended with the 
solids fed to hydrolysis. A fraction of 
the enzymes on the solid residue from 
hydrolysis can be desorbed by simple 
means (10), and the extract would 
supplement the fresh enzyme. Already 
there are indications that about 50% of 
the cellulase can be recycled, and the 
impact on costs will be dramatic. 
{3-Glucosidase, a key component that 
splits cellobiose to glucose, is not very 
stable and cannot be recovered by any 
tricks based on adsorption on cellulose. 
However, low-cost {3-glucosidase can 
be obtained by a separate fermenta
tion. 

Another possible product can be 
made from the leafy residue if trees are 
harvested while green. Protein content 
is about 23%, and similar material is 
sold in Europe as cattle feed. However, 
if entire trees are collected, soil fertility 
will decline quickly unless fertilizers 
are used. 

Energy balances 

Obviously, it makes no sense to 
make ethanol as a gasoline substitute 
if it takes as much or more petroleum 
to produce the ethanol. The energy 
expenditures for growing the crop, 
manufacturing the farm machinery, 
transporting the crop to the factory, 
constructing the factory, and conver
sion to fuels may exceed the energy 
content of the fuel. There are addi
tional hidden costs, such as the energy 
to manufacture the fertilizer, to pump 
irrigation water, and the like. How
ever, crop residues need not incur the 
energy penalties that were allocated to 
the valuable food portion. Less valu
able tree species have little energy in
vestment because the harvesting ma
chinery is usually in place for the 
principal trees. Nevertheless, future 
plantations for biomass only must be 
energy-conscious. The ideal would be 
a multipurpose crop with food or fiber 
products of high value to defray 
costs. 

There have already been energy
saving improvements in ethanol pro
cesses. For example, older distillation 
technology for ethanol took more heat 
energy than the heat of combustion of 
the product. Good engineering with 
heat exchangers and vapor recom
pression to power subsequent distilla
tion stages can save two-thirds of the 
distillation energy; however, equip-



FIGURE 4 
Steam explosion refining 
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Economics 01 biomass refining by steam explosion (9) 
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~ 
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ment costs would increase markedly. 
Spent warm streams can be used 
throughout the factory to economize 
on heat, but again, there are costs as
sociated with heat exchangers and 
piping. 

The distillation of ethanol- water 
solutions is quite efficient in the region 
of the liquid-vapor diagram where the 
lines are widely separated, but many 
distillation stages are needed as the 
lines come together. It may save ap
preciable energy to distill to about 85% 
ethanol and to use a drying scheme or 
a membrane process to reach almost 
absolute ethanol. Vapor-phase drying 
of ethanol reduces the energy for re
covery to about 20% of the heat of 
combustion of the product ethanol 
(II). Another attractive option is to 
purify the ethanol partially by distil
lation and to add it to gasoline to pro
duce gasohol directly. 

In a developed nation with strong 
markets for organic chemicals, refin-

~ pnM!uct!on-
- iJijriiI ~.I~) . ~. 

$0.021 $0.048 

.021 .028 

.013 . 015 

.013 .015 

.009 . 018 

.003 .011 

So.080 $0.131 

$0. 171k1l $O.44/kg 

ing of biomass to valuable products 
could be highly profitable. Other 
countries may find it more expedient 
to burn biomass as an easily imple
mented substitution for imported oil. 
Gasification of biomass and anaerobic 
digestion to methane has inherent 
limitations which means that cheap 
feedstocks must be available and other 
special circumstances must be present 
in order to justify an investment. New 
digester designs may improve pros
pects for methane, and new designs for 
fermenters to aid biomass refining are 
also appearing. 

The prospects are good that the 
private sector will commercialize 
processes for biomass fuels and 
chemicals with little need for govern
ment help. Nevertheless, government 
must be cooperative; it should realize 
that competing industries have many 
sorts of direct and indirect subsidies 
and give biomass a chance to compete 
fairly. 
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Additional reading 

Periodic reports about projects supported by the 
U.S. Dept. of Energy have appeared in the 
Alcohol Fuels Program Technical Review, 
available from Larry Douglas, SERI, 1617 
Cole Blvd., Golden, Colo. 80401. 

Reviews can be found in Bungay, H. R. "Energy, 
the Biomass Options"; Wiley: New York, 
1981; Bungay, H. R. Adv. Biochern. Eng. 
1981,20, I; and Blanch, H. W.; Wilke, C. R. 
Rev. Chern. Eng. 1982, 1,71. 
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Precipita tion chemistry has received 
considerable attention over the past 
several years, with much of that at· 
tention focusing on the acidity of rain 
and snow and on the associated envi
ronmental consequences of acid de
position (/-5). Gorham (5) and Barret 
and Brodin (6) performed early studies 
of acid precipitation in nonurban areas 
of England and Scandinavia far from 
industrial centers. Likens identified the 
magnitude a nd spread of acid precip
itation in the northeastern U.S. (7); 
reports of acid precipitation through
out the world continue to appear in the 
literature (4). 

Acid precipitation, due primarily to 
the presence of the strong acids H2S04 
and HN03, has been implicated in 
watershed acidification (3,8,9) and 
in the decline of fish populations in 
affected lakes (3,10,11). Terrestrial 
effects, including soil acidification, loss 
of fertility, interference with the ni
trogen cycle, and groundwater acidi
fication have been suggested (/-3, 
12- 15). 

Rain-borne NH4+, Ca+2, and Mg+2 
are also of special interest because they 
act to neutra lize acidity and also act as 
nutrients . Kilham has reported on the 
role acid precipitation may play in the 
alkalinity of some lakes (16). Lead in 
precipitation is derived to a large ex-

32A Environ. Sci. Technol" Vol. 17, No.1, 1983 

tent from gasoline combustion, while 
Zn a nd Cd are indicative of other an
thropogenic activities (/7). The tox
icity of these and other metals in
creases the importance of obtaining 
adequate information about their dis
tribution in precipitation. 

The concentration of a particular 
element in precipitation is controlled 
by the strength of its source (either 
local emissions or long-range trans
port), the presence of sinks other than 
precipitation (for example, dry fallout 
or gaseous absorption), and precipi
tation-scavenging processes. Chemical 
concentrations in precipitation are 
high near large emission sources and 
where precipitation intensity is low. 
Conversely, low concentrations are 
indicative of a low supply of these ele
ments (resulting from weak sources or 
additional sinks) or a large volume of 
precipita tion diluting the components 
scavenged by the rain. 

Investigations of precipitation 
chemistry on a continental scale can 
reveal where the regional sources and 
sinks for different elements are locat
ed. Historical trends are indicated by 
changes in concentrations that occur 
over a wide area between sampling 
periods. Similar changes observed at 
an individual sampling station would 
not be as definitive an indication of 
major changes in precipitation chem
istry beca use local conditions could be 
responsible. Sediment stratigraphy 
and the accumulation of elements in 
soils and vegetation (especially mosses 
and lichens, which are often wholly 
dependent on the atmosphere for their 
nutrient supply) provide additional 
information about spatial and histor
ical variations in precipitation chem
istry, most notably when those data are 

calibrated against precipitation 
chemistry (18-20). 

Continental-scale studies 

In 1955- 56, Junge and co-workers 
investigated precipitation chemistry on 
a continental scale in the U.S. (21-23). 
One of their conclusions was that soil 
dust was a major source of ions in rain 
over continents. Marine aerosols near 
coastal areas are rapidly diluted in the 
continental air mass and become an 
insignificant source of ions in the pre
cipitation farther inland. Studies cov
ering the north-central U.S. carried 
out by Thornton and Eisenreich (24) 
and Munger (25) support this idea . 

In 1966- 67, the National Center for 
Atmospheric Research analyzed major 
ions and trace metals in precipitation 
using a 32-station network (26, 27). 
Anthropogenic activity was implicated 
as the primary source of Pb, Zn, Cu, 
Fe, Mn, and Ni. Lead was correlated 
with the amount of gasoline consumed 
in the vicinity of the collection stations. 
Since the late 1970s, the Canadian 
Network for Sampling Precipitation 
(CANSAP) and the U.S. National 
Atmospheric Deposition Program 
(NADP) have investigated precipita
tion chemistry across much of North 
America. The distribution of sites and 
preliminary data for the CANSAP, 
NADP, and MAP3SjRAINE pre
cipitation networks can be found in 
References 28, 29, and 30, respec
tively. 

Investigative methods 

For this article, the concentrations 
of major ions and selected trace ele
ments in precipitation were compiled 
from numerous regional and local 
precipitation studies and data collected 
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TABLE 1 
Dati sources of precipitation chemIIby .- ...... 

LeoIIM '1liiie ~ ! I I. - -U.S. network 11178-80 wet-onIy /IIOIIIhIY 7 a,84 
NADP, U.S. network 1/711 wet-onIy WMIdy 33 II 
AdIroncIIck region 417W178 ~ .-II 7 IS 
FIortda 7178-10m ~ ~ • 
OntarIo 8178-7178 ~ VII1IbII 1 87,88 
CanadIen network 11m-121711 ~ IIIOIIIhIy 48 81 
MInneIIoIa 4/78-71711 wet-onIy .-It 3 24, 26 
Loa AngeIea. CIIIf. 11178-111711 ~ .-II II 81 
Nor1heaIIem U.S. 11178-80 wet-onIy .-It 8 3() 

AIber1a 6175-4178 lIIII-On!Z .... 90 

Kentucky 11171-80 weklnIy 
.. 

TVA, IqlWlIIhed 

lake TIhoe -. Nev. 10m...e178 -4IIr 91 
CeInI MInneIIoIa 11177-78 ~ .... 92 
lake MIchIgIn 11178-12178 bulk IIIOIIIhIy 21 56,61 
Iowa 11171-73 bulk WMIdy 8 93 
North DekOla 11181 wet-onIy .-t/JnonIhIy 2 51 
OntarIO 8173-8174 bulk VII1IbII 
New York 8I70-7m bulk II10IIIhIr 
W~ 8178-7178 bulk 
MInIIobII-OnWIo 11173-77 bulk bImcInIIIy 

FIortda 7m...e17ll wet-onIy .... 
NebrIIIka 1873 wet-onIy .-II 
indiana 8/73-11/73 bulk 
NewMexIeo 11178 IIIOW 

MIchIgIn 11172-12174 bulk 
Central OntarIo 8/77...,77 wet-onIy VII1IbII 
.... 1e&pCIIII. Mm. 1.78-711 wet-onIy fteIII 

T~ 8173-5174 weklnlylbulk manIIIy 

SouIh ~ OntarIo 1872-73 bulk 
SIn FrIIICIIco, CalIf. 12174-4/75 bulk 

Nor1h CIroIlne 7/75-4m buik VII1IbII 

at individual sites operated over the 
past 10 years. From these data, and the 
NADP, CANSAP, and MAP3S in
formation, isopleths of the concentra
tions of major elements were con
structed. In addition to providing in
sight into continental-scale patterns of 
precipitation chemistry, the geo
graphical variations in atmospheric 
fluxes may be used to investigate metal 
and nutrient accumulation in ombro
trophic bogs throughout eastern North 
America (3/) . 

From the data base was created a 
file of concentration values in precip
itation at specific locations identified 
by longitude and latitude. Matrices of 
concentrations at regularly spaced 
coordinates corresponding to a 90° by 
50° longitude- latitude grid were 
generated by interpolating from the 
original data file. The WORLD Pro
jection and Mapping Program was 

used to construct concentration iso
pleths from the array of interpolated 
data (32) . The contour lines and map 
outline were stored in a longitude
latitude coordinate system and pro
jected onto an x-y plotter. 

Ideally, the only data that should be 
compared are those for samples col
lected and analyzed by identical 
techniques. A variety of data sources, 
however, was used to generate a data 
base sufficiently large to make trends 
apparent and statistically significant. 
Most of the data were derived from 
wet-only precipitation samples col
lected on an event, weekly, or biweekly 
schedule, but some data were derived 
from bulk precipitation samples. The 
inclusion of dryfall in bulk samples 
yields higher concentrations of soil
derived elements and lower H+ con
centrations than those measured in 
wet-only precipitation (33, 34). 

4 84 
8 95 

91 
97 
91 
IJ9 
100 
101 

3 102 
2 81 

108 
t(U. 105 

108 
75,7e 
107 

Analysis of variance indicates that 
the mean concentrations of K+, NH4+, 
Mg+2, Ca+2, S04-2, and N03- in the 
bulk precipitation samples were sig
nificantly higher than in the wet-only 
samples (p < 0.01) for regions having 
exposed, calcareous soils. But the mean 
concentrations of Na+, CI-, and H+ 
were not significantly different for the 
two types of samples in coastal and 
forested areas and in regions where 
dustfall was not dominant. This dis
tinction is not totally definitive because 
the sites for which bulk precipitation 
data were used were clustered; geo
graphical differences in precipitation 
chemistry could be responsible for part 
of the observed differences between the 
two groups. 

For the ions that showed significant 
differences between bulk and wet-only 
data, isopleths were generated with 
and without the bulk data. For S04-2, 
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N03-, and NH4+, the differences 
between the two sets of isopleths were 
minor; without including bulk precip
itation data, concentrations differed 
only around Iowa by ~ I 0 f.Leq L -I. 
However, maxima in Ca+2 and Mg+2 
were evident only when the bulk pre
cipitation data were included in the 
isopleths, and therefore wet-only data 
were used for these two ions. 

The inclusion of some data for col
lection periods other than whole (or 
multiple) year(s) may be a source of 
bias because precipitation chemistry 
varies significantly from season to 
season. Different collection frequen
cies (event, weekly, monthly), sampler 
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designs, and analytical procedures may 
also introduce biases in the data set. 
Inspecting the isopleths shows, how
ever, that the computing routine is not 
strongly inOuenced by individual data 
that are in disagreement with regional 
data trends. Furthermore, the magni
tude of the concentration trends ob
served is greater than could be credibly 
accounted for by sampling and ana
lytical errors (35). The existence of 
large regions with generally uniform 
concentrations further supports the 
validity of these data. 

One additional difficulty is that few 
data on precipitation chemistry were 
available for some regions of North 

America (Figure I, Table I). More 
data should be obtained for the Gulf 
Coast - Lower Mississippi valley and 
for the plains and Rocky Mountain 
states in the U.S. Lewis and Grant 
(36) and Lewis (37) recently pub
lished information on precipitation 
chemistry at Como Creek, Colo., and 
several new NADP sites have been 
established in some of these areas. 

Results 

The isopleth maps for CaH , Mg~+. 
and K+ all show midcontinental con
centration maxima centered over the 
northern prairies with decreasing 
concentrations towards the coasts 



(Figures 2a-c). Calcium concentra
tions range from -100 Jleq L -1 in the 
prairies to -10 Jleq L -1 in the forested 
areas of the northeastern and far 
western U.S. 

Variations in MgH and K+ con
centrations mimic the CaH behavior. 
Concentrations of MgH range from 
60 Jleq L -1 in the prairies to 10 Jleq 
L -1 in the Far West and Northeast. 
Concentrations of K+ similarly range 
from 6-10 Jleq L -1 to 1- 3 Jleq L-1 
over these same geographical areas. As 
expected, major cation concentrations 
in precipitation are highest where ag
ricultural activity exposes soils to wind 
erosion (24, 25). The relative abun
dances of CaH , MgH, and K+ in 
rainfall closely follow the relative 
abundances of these cations in the soil 
(24, 38) and the earth's crust (39). 

The concentration isopleths of both 
Na + and Cl- exhibit opposite behavior 
with concentration maxima along the 
Pacific and Atlantic Ocean coasts and 
lower concentrations inland (Figures 
3a, b). Sodium and Cl- concentrations 
peak at -40-60 Jleq L -1 along the 
coasts and drop to -10-20 Jleq L -1 in 
the midcontincntal region. The geo
graphical variations of Na+ and Cl
concentrations clearly indicate that sea 
salt is the major contributor along the 
coasts. In general, the coastal areas 
receive precipitation with a Na+:CI
mole ratio near I: I, whereas ratios 
may vary from 3: I to 1:3 in midconti
nental areas with differing soil types, 
vegetation, and rainfall. 

Maximum concentrations of N H4 + 
in precipitation are found over central 
North America (Figure 4); the region 

where NH4+ concentrations are 
greater than 20 Jleq L -1 covers much 
of the upper Mississippi valley and 
Great Lakes. Ammonium ion con
centrations vary seasonally and range 
from -40 Jleq L -1 in the upper Mid
west to -10 Jleq L -1 near the coasts 
and in forested areas. The exception is 
the Los Angeles basin, which has 
anomalously high average NH4+ levels 
of -30 Jleq L -1 . Ammonium ion con
centrations of 30-40 Jleq L -1 are 
found in areas where agricultural 
production is heavy or there are nu
merous animal feedlots. Deciduous 
and coniferous forests apparently are 

not major sources of atmospheric N H3 
or NH4+ in rainfall. 

Maximum concentrations of S042-
and N03- are centered over the lower 
Great Lakes (Figures Sa, b) and to a 
lesser extent over the major urban
industrial centers of the northeastern 
U.S. Concentrations of N03- are 
30 Jleq L -lor greater over most of the 
Great Lakes basin and Ohio valley and 
parts of the upper Mississippi valley. 
The shape and spacing of the N03-
isopleths indicate that N03- is some
what uniformly distributed over the 
continent. This pattern may indicate 
that NOAg) and HN03(g) either 
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have many sources well dispersed over 
the continent, or have relatively long 
a.tmospheric residence times, or both. 
Nitrate concentrations range from 
~50 /-Ieq L -I in the lower Great Lakes 
area to ~ IO /-Ieq L -I in the southern 
U.S. and in the sparsely populated re
gions of northern Canada. Nitrate 
concentrations of 30 to 40 /-Ieq L -I in 
the Los Angeles basin result from nu
merous NOx sources such as auto
mobiles. 

Sulfate concentrations exhibit a 
more variable pattern having several 
regional maxima (Ohio River valley
Lower Great Lakes; northeastern 
U.S.) typified by high concentrations 
and closely spaced isopleths. Concen
trations of sulfate are highest on the 
Atlantic coast and generally decrease 
southward and westward with few 
exceptions. The S042- isopleth rep
resenting 60 /-Ieq L -I roughly corre
sponds to the 30 /-Ieq L -I NO)- iso
pleth. For the northeastern U.S. only, 
Pack generated S042- and NO)
concentration isopleths which show 
that maximum values are found in the 
lower Great Lakes basin (40). This is 
in agreement with the recent NADP 
(4/) and MAP3S/RAINE (30) data. 
Our isopleths, which include additional 
data, are comparable but show a fur
ther extension westward and south
ward of high S042- and NO)- con
centrations; they are supported by 
maxima in S04-2 and NO)- concen
trations published by Wilson and 
Mohnen (4/). 

Hydrogen ion (H+) concentrations 
in precipitation are at a maximum in 
the northeastern U.S., where they ap-
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proach 100 /-Ieq L -I (pH 4.00) (Figure 
6). The 10 /-Ieq L -I isopleth (pH 5.00) 
encompasses nearly all of North 
America except for the northern plains 
and western Canada. This area is 
greater than indicated by most previ
ously published isopleth maps for H+ 
(42-46). All of the various H+ isopleth 
maps agree that the H+ maximum 
occurs over the northeastern U.S. and 
southern Ontario in Canada, in the 
prevailing downwind direction of 
major sources (4/, 47, 48). 

Data on trace-metal concentrations 
in precipitation are scarce. Most of 
them have been generated for sites in 
eastern North America, the 
northeastern and midwestern U.S., 
and adjoining areas of Canada (24, 
49-51). We constructed isopleths of 
Fe, ln, and Pb, which had the most 
extensive data base for eastern North 
America (cf. Figure 7a, b, c). Trace
element concentrations in precipitation 
have been recently summarized by 
Galloway et al. (49). 

Lead concentrations reach 30 to 
50 /-Ig L -Ion a regional basis in 
the northeastern U.S. and at the eas t
ern edge of the Great Lakes basin. 
Lead concentrations are also 30 /-Ig 
L -lor greater in a large part of the 
upper Mississippi River valley and in 
the Chicago, ilL-Gary, Ind., areas. In 
the less populated areas to the south 
and north, lead concentrations de
crease, although concentrations in the 
20 /-Ig L -I range exist in the Sudbury, 
Ontario, region. This pattern corro
borates the conclusion of Lazrus et al. 
that human activity such as gasoline 
combustion is the major source of Pb 

in precipitation (27). For comparison, 
median Pb concentrations are ap
proximately 0.14, 15, and 49 /-Ig L -I in 
remote, rural , and urban areas, re
spectively (24, 49). 

Maximum ln concentrations, 
which may exceed 90- 100 /-Ig L -I, are 
centered over the prairies and upper 
midwest. linc concentrations decrease 
to 10- 30 /-Ig L -I to the south and east 
but remain high northward into Can
ada. This pattern suggests that most 
atmospheric ln (aerosol or rain) is 
derived from wind-blown soil. There is 
little doubt , however, that ln levels 
remain at anomalously high levels east 
and north of Lake Superior, possibly 
due to atmospheric emissions from 
smelting and mining operations. For 
comparison, median ln concentrations 
in precipitation over remote, rural, 
and urban areas are 0.22, 45, and 
40 /-Ig L -I, respectively (49) . linc in 
urban precipitation is derived from 
soil, industrial, and automotive (i.e. , 
tire wear) sources (52, 53). 

Iron levels are highest where soil is 
exposed by agriculture and in regions 
north of the lower Great Lakes, peak
ing at 125 to 150 /-Ig L -I. Iron con
centrations in forested areas of eastern 
North America range from 25 to 50 /-Ig 
L -I. The primary source of atmo
spheric Fe is wind-blown soil with ad
ditional contributions from Fe mining 
(northeastern Minnesota, Ontario, 
Canada) and urban / industrial com
plexes (Ohio valley- lower Great 
Lakes) (54). Continental background 
concentrations are ~25 to 50 /-Ig L-I 
in agricultural areas of the midconti
nent. 



The isopleths that have been pre
sented for Pb, Zn, and Fe are prelimi
nary because insufficient data exist for 
most areas. Many of the studies in
cluded in the data base were conducted 
at sites influenced by sources of an
thropogenic metals. A network of 
background sites is required to con
struct a complete picture of the re
gional patterns of trace-metal con
centrations and deposition. Further
more, the sites where trace metals in 
precipitation have been studied are not 
well dispersed over the continent. Only 
around the Great Lakes have trace 
metals in precipitation been studied in 

detail, and much of that data was not 
presented in a form that could be used 
for constructing concentration iso
pleths (24, 50, 55-57). 

Discussion 
Major cations and anions in pre

cipitation may be separated into three 
important groups based on projected 
sources derived from isopleth maps 
shown here and in the literature: I) 
CaH , MgH, K+; 2) Na+, Cl-; and 3) 
S042, N03-, NH4+, and H+. The 
sources of these ions are wind-blown 
soil, dust, sea spray, and natural and 
anthropogenic emissions of precursor 

gases and elements. 
In their geographical distribution in 

the precipitation over North America 
CaH and MgH show a striking simi
larity (r = 0.83; p ::5.001) (Table 2), 
with K+ exhibiting a similar trend. 
The western maxima coincide with the 
semiarid plains east of the Rocky 
Mountains. Because precipitation in 
this region averages less than 50 cm 
annually, it is likely to be more con
centrated in soil components (58). 
Also, the flat, open landscape there 
and the tendency for salts such as lime 
and gypsum to accumulate near the 
surface in arid soils are conducive to 
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wind erosion of calcareous soil dusts 
(59). If adequate precipitation data 
were available for the southern plains, 
the isopleths of elevated CaH , MgH, 
and K+ would probably extend farther 
south. Based on CaH concentrations 
in excess of 100 !Leq L -I for the mid
continental region, Junge and Werby 
(23) and Junge (60) conclude that soil 
is the major source of atmospheric 
CaH , MgH, and K+. These conclu
sions have been supported by Rahn 
(61), Munger (25), and Thornton and 
Eisenreich (24). 

The marine sea-spray influence on 
the distribution ofNa+ and CI- is ev
idenced by both their increased con
centrations along the coasts (Figure 3) 
and the significant correlation between 
them (Table 2). The 20 !Leq L -I iso
pleths for both Na+ and Cl- extend 
farther inland along the Pacific coast 
than the Atlantic coast, perhaps due to 
prevailing westerly winds and the ac
cumulation of evaporated salts in the 
western deserts. Because few precipi
tation values were available for the 
Gulf and southern Atlantic coasts, 
Na + and Cl- concentrations there are 
probably underestimated by the iso
pleths. 

Emissions of gaseous precursors are 
significant sources of S042- (S02), 
N03- (NOx ), and NH4+ (NH3). 
Except for some particulate S042-
from sea spray near the coast and 
S042- from soil dust in arid regions, 
most S042- in precipitation results 
from the oxidation of S02 and other 
reduced sulfur gases. For eastern 
North America anthropogenic emis
sions are about 90% of the total S 
emissions (47), and the highest total 
S02/NOx emission density is located 
in the Midwest, the central Eastern 
Seaboard, and southern Ontario 
(62-64). 

Photochemical reactions of nitrogen 
oxides give rise to N03- aerosol and 
HN03 vapor. On a global scale, NOx 
emissions from biological activity are 
10-fold greater than anthropogenic 
NOx emissions. But because U.S. 
emissions of anthropogenic NOx are 
nearly 50% of the global anthropogenic 
total (65) and the biogenic emissions 
are distributed more evenly over the 
globe, the ratio of biogenic to anthro
pogenic N03- is probably much lower 
in North America. 

Over 99% of airborne ammonia is 
derived from natural biological pro
cesses (66), the most important of 
which is the decomposition of organic 
waste (60). A significant portion of the 
organic wastes, however, may be de
rived from human activity, particularly 
sewage disposal and agriculture. An-
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thropogenic emissions of NH3 that 
may be important on a local scale in
clude those from waste incineration, 
fossil fuel combustion, various indus
trial processes, and animal feedlots. 

The dominant source regions for 
S02, NOx , and NH3 are suggested 
clearly by the isopleths for S042-. 
N03-, and NH4+. Sulfate and N03-
concentrations are highest over the 
lower Great Lakes and Ohio valley. 
Sulfur dioxide emissions in the corri
dor from Indiana to Pennsylvania, 
where S042- concentrations are 
greatest, are 20 to 30 g m-2 yr- I . 

These are the highest emissions any
where in the U.S. (41,67). The maxi
mum NOx emission density (15 g m-2 
yr- I ) extends in a narrow corridor 
along the Atlantic coast from the 
Chesapeake Bay to Cape Cod (67) . 
The N03- concentration maximum 
may not occur there because increased 
annual precipitation may dilute con
centrations. Emissions of NOx are 
only slightly lower (IO to 15 g m-2 
yr- I ) in the much larger region along 
the lower Great Lakes and Ohio valley 
where N03 - concentrations in pre
cipitation reach a maximum. Note 
that S042- concentrations do not in
crease over coastal areas, suggesting 
that biogenic emissions of sulfur from 
shallow estuaries and marshes are not 
a major source of S042- in precipita
tion. A slight increase in emissions 
along the coast, however, could be 
offset by increased precipitation vol
ume, and data on precipitation chem
istry near the Gulf Coast is very 
meager. 

The importance of agricultural ac
tivity as a source for N H4 + is indicated 
by the NH4+ maximum centered over 
the central U.S. The north-central U.S. 

TABLE 2' 
eorrelatlon coefIIcIenls for 
selectecUon pairs In 
pr~ltaUon 

............ - , . 
caz+:MIfi' 0.83 
<:af+: 1(+ 0.85 
MIfi': K+ 0.68 
Na+:CI- 0.62 ' 
MIfi': CI.- 0.52 
K+: CI- 0.52 
.... +:SO.2- 0.81 
"*4+; NOa- 0.7.3· 
SO.2-:'NOa - 0.70 

underwent a change from prairie and 
timberland to agricultural land in the 
mid- to late 1800s, greatly increasing 
N H3 fluxes from the soil and the 
N H4 + content in rain. The source of 
N H4 + is probably volatilization of 
N H3 from extensive feedlots , or from 
fertilizer and manure applied to the 
soil in that region . The isopleths of 
N H4 + concentrations in precipitation 
agree with Lau and Charlson's (68) 
isopleths of N H3 equilibrium partial 
pressures in the atmosphere and the 
NH4+ deposition mass of Wilson and 
Mohnen (4/). The NH4+ isopleths 
also follow the N03- and S042- iso
pleths over the Great Lakes basin and 
down the St. Lawrence River valley. 
This may be due partly to anthropo
genic emissions of N H3, but is more 
likely a result of the reaction of alka
line N H) with acidic S042- and NO)
aerosols; this aerosol mix forms the 
condensation nuclei for rain clouds 
over t ha t region. 

Junge has suggested that N H4 + in 
precipitation is due mostly to the vol 
atilization of N H) from soils having 
pH values greater than 6.0 (22). Soil 
N H) production and soil pH deter
mine N H4 + concentrations in areas 
where fertilizer applications are min
imal and animal feedlots are absent. 

Hydrogen ions in precipitation are 
derived almost entirely from homo
geneous or heterogeneous oxidation 
reactions of S02 and NOx to form 
H2S04 and HNO) (9, 43). Protons 
generated by the oxidation of reduced 
Sand N in emissions react with N H) 
and alkaline particles (e.g., CaCO), 
clays). The interaction between acid 
S042- and NO) - aerosols and N H) 
and alkaline dusts controls the con
centration of free H+. Thus, regions of 
the North American continent re
ceiving large anthropogenic emissions 
of acid anions (that is, precursor gases) 
with correspondingly low neutralizing 
components have precipitation with 
the lowest pH. Likens et al. (43), Clark 
(48), Benkovitz (62) , and Voldner et 
al. (63) recently reported the annual 
SOz and NOx emissions in the eastern 
U.S. and southern Canada. The most 
acidic precipitation (i.e., lowest pH) 
occurs in and downwind of areas where 
the precursor emissions are greatest. 
The NH4+ (Figure 4) and major cat
ion (Figure 2) isopleths clearly show 
that the eastern U.S. and southern 
Canada receive precipitation of low 
neutralizing capacity. 

Electroneutrality demands that 
cations and anions be equal in precip
itation. Unless other significant species 
are present or analytical errors are 
made, the following condition is met: 



[CaH ) + [Mg+ 2) + [Na+) + [K+) 
= [HCO)-) + [CI-) 

+ [NH4+) + [H+) + [sot ) + 
[NO)-) 

L cations = L anions 

For most regions of the country, cat
ion/a nion bala nces based on isopleth 
concentrations are between 0.90 and 
1.10 (Table 3) . In the prairies and in 
the San Francisco area, cation/anion 
balances differ from unity by 36% to 
57%. Electroneutrality is ach ieved, 
however, when the HCO)- contribu
tions estimated from pH, pC0 2, and 
ca tion values are included. 

Based on precipitation chemistry 
and ion balances, the percentage of 
total acid anions neutralized by N H4 + 
and major cations was calculated for 
each part of the country. Ammonium 
ion in precipitation accounts for 13 to 
35% of the total acid anion neutralized, 
and major cations represent 35% to 
66%. Eight to 52% of the total acid 
anions are not neutralized; that is, they 
are balanced by H+. Regions receiving 
precipitation of highest acidity, such as 
the northeastern U.S. and lower Great 
Lakes, have low NH) and low basic 
cation nuxes from the soi l, resulting in 
low neutralizing capacity. In forested 
regions the precipitation has lower 
neutralizing capacity than in nonfor
ested areas. Even in the Los Angeles 
basin where NOx emissions are high , 
75% of the total acidity is neutralized 
by basic ca tions (50%) and N H4+ 
(25%). 

In most areas of North America, the 
S042- concentrations in wet-onl y 
precipitation are ~ two to three times 
the NO)- concen trations. For exam
ple, in the northeastern U.S. and lower 
Great Lakes region where S042-

concentrations are 80- 100 J.Lcq L - Ion 

TABlE 3 

a volume-weighted basis, N01- con
centrations are 40-50 J.Leq L - I. Sul
fate and NO) - concentrations are 
approximately equal in sou thern Cal
ifornia, while S042-/ NO) - ratios are 
1.8 - 3.0 elsewhere. Although the 
acidity of precipitation has usually 
been associated with S emissions, 
Ga lloway and Likens present con
vincing evidence that recent increases 
in precipitation acidity are caused by 
disproportionate increases in NO)
(70). The NO.\ em issions east of the 
Rocky Mountai ns are significantly 
grea ter than S02 emiss ions, but an 
unknown fraction of the atmospheric 
NO) - may be contributed by biologi
ca lly induced soil emissions (48, 62). 

Wet deposition 

Wet deposition of major cations and 
anions was estimated for the geo
graphical regions out lined in Figure 8 
by multiplyi ng concentrations deter
mined from the isopleth maps by mean 
annual rai nfall amounts for that area 
(Tablc 4). The concentration gradients 
of some ions arc especially steep due to 
land usc changes and varia tions in the 
amounts of precipitation. For these 
ions the deposition estimates reported 
should be viewed with some uncer
tainty even though they still prov ide 
regional rankings. 

Precipitation nuxes of major c_ations 
cas t of thc Rocky Mountains vary by 
a fac tor of on ly two (Table 4). Depo
sition ofCa H , MgH, K+, and NH4+ 
is greatest for the eastcrn edge of the 
prai ries, whcre rainfall is ~ 90 cm y-I, 
but decrease to the west where rainfall 
drops to ~ 40 em y-I. The upper and 
lower Great Lakes regions receive 
similar wet deposition ofCaH , MgH, 
and N H4 +, with nu xes of soi l-derived 
constituents decreasing to the east. The 

Ion balances and percent acid neutralized by NH4 + and 
basic cations 

%_-!!l 

NII.+ 
%c:;H.MgI+, 

Region %+12;- "'+,K+ T .... 

Northeastern U.S. 1.06 13 35 48 

Maritimes 0.94 13 48 61 

Lower Great Lakes 1.06 22 .36' 60 
Upper Great Lakes 1.05 27 51 78 

~U.S. 1.02 20 42 62 

Pacific Northwest 1.10 13 79 92 
Los Angeles, Calif. 1.00 25 50 75 

Western prairies' 1.57 30 66 96 

Eastern prairies' 1.36 35 55 90 

San Francisco. Calif.' 1.44 23 85 88 
'2:+/2:- >'1.0 because HCO,- con1rlbullon was not Included In study. 

highest nux of Na+ and CI- is in the 
Pacific North west where high annual 
rainfall and proximity to the ocean 
coincide. With the exception of Ca li 
fornia, the overall nux of Na+ and CI
is grea test in the coasta l areas. Mid
continental areas receive as little as 
10% of the sea salt nux in the Pacific 
Northwest. Junge attributes the lower 
CI- concentrations inland from the 
ocea n to vertical tropospherical mixing 
as the marine air masses move inland 
(22). 

Wet deposition of S042- and NO}
is highest in the northeastern U.S., 
Maritimes, and lower Great Lakes, 
achieving S042- nuxes of 60 to 70 meq 
01-2 y- I and NO)- nuxes of 20 to 
30 meq 01-2 y-I. The apparent high 
S042- nux in the Pacific Northwest 
may be representative only of the 
Seattle area and is not derived from 
marine S042-, which accounts for 
~ 10% of the 80 meq m-2 y-I nux . 

Almer et al. suggest that a S04-2 
nux (wet) of ~ 30 meg m-2 y-I rep
resents a threshold above which acid
sensitive watersheds will be impacted 
(71). There is general agreement that 
S04 -2 wet deposition to acid-sensit ive 
areas of 25- 30 kg ha- I y-I will result in 
acidifica tion of lakes (3, 9, 72) (2 meq 
01- 2 y- I is approximately equivalent 
to I kg ha- I y- I) . Sulfate deposition in 
all areas east of the Mississippi River 
and throughout much of North 
America exceeds 30 meq m-2 y-I. The 
acid-sensitive regions defined by Gal
loway and Cowling as pictured in 
Figure 8 (73) and later expanded (74) 
all receive S042- nuxes greater than 
the threshold value, although H+ 
nuxes vary by an order of magnitude. 
Acid (H+) nuxes of 40 to 70 meq 01-2 
y-I have resulted in acidification of 
sensi tive lakes, but other more subtle 
changes may occur at lower H+ load
ings. The Adirondacks, Nova Scotia, 
and eastern Ontario, where lake acid
ification has occurred, are within the 
region of highest H+ loadings (43). 

Because rainfall decreases and 
ac id-neutrali zing species increase to 
the west, H+ loadings also decrease. 
Wet deposition of acidity in most of 
California is low because annual 
rainfall is low. McColl , however, has 
documented substantial H+ concen
trations and nuxes in the Sierra 
Mountains (75, 76). Highly acidic fog 
in the Los Angeles basin may generate 
acid nuxes not measured by rainfa ll 
collectors (77). (It should be remem
bered that the deposition of ammo
nium ion from the atmosphere is 
thought to release at least as much acid 
to the soil as an equivalent amount of 
H 2S0 4.) 
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FIGUR'e 8 
Regions with lakes that may be sensitive to acid Inputs 
on the basis of bedrock geology" 

8Numbered regions correspond to wet deposition regions in TABLE 4. 
Source: Modified from G~y and Cowling. 1978. 

" TABlE 4 
Wet deposHlon of major cations and anions 

HtO H+ ... + 
R ...... < .... , 

1. Northeastern U.S. 100 70 20 

2. Marltlmes 100 40 30 

3. Lower Great 80 . 46 8 

I L!lkes 
4. Upper Great ' 70 21 8 

, Lakes 

5. Southeastern U.S. 130 39 20 

6. Western prairies 40 2 6 

7. Eastern prairies 90 9 13 

8. Pacific Northwest 200 30 60 

9. Los An9I!les area • 40 10 10 
10. San Franclsco 60 6 21 

area 

The flux of Pb in precipitation ap
pears to be greatest in the northeastern 
U.S. and to decrease in the Great 
Lakes basin and southeastern U.S. 
Estimated Pb fluxes in the Northeast 
of ~ 30 mg m-2 y-I correlate well with 
Pb accumulation in a Massachusetts 
pine forest floor (78) and Adirondack 
lake sediments (79). Also, Pb accu
mulation in Great Lakes and Sudbury 
sediments can be accounted for by 
precipitation fluxes (55,80,8/). The 
fluxes of other metals over large areas 
cannot be calculated until more field 
measurements are available. 

Historical trends 
Although there is some controversy 

about the validity of establishing his
torical trends based on older studies 

K+ ..... + c.2+ Mg2,+ cr !lOa - 104· 
<meqm-2 1-11 

2 15 15 5 25 30 '65 

3 15 20 5 30 20 70 

1.8 24 24 8 12 32 64 

1.4 21 21 8.5 7 21 49 

1.3 20 13 8.5 20 28 52 

0.6 14 16 8 4 8 18 
1.4 32 27 9 9 18 40 
6 20 40 20 60 20 60 
1.6 10 " " 12 12 16 
1.2 ' 12 6 6 12 12 12 

that may not have used sampling and 
analytical procedures identical to those 
of recent studies, there is a strong 
suggestion that concentrations of sev
eral ions in precipitation have in
creased since 1955 when Junge set up 
a continent-wide network of precipi
tation samplers, Based on 1955- 56 
data, Junge plotted a maximum NH4+ 
isopleth of 16 !leq L -lover the north
central U.s, (roughly the Corn Belt) 
corresponding to a wet flux of 20- 30 
meq m-2 y-I (22). During the years 
since Junge's study, U.S. production of 
NH 3, which is used predominantly 
as fertilizer, nearly tripled from 
4.2 X 106 t y-I in 1962 to 13,7 X 
106ty-1 in 1975 (66). Along with the 
increase in the use of nitrogen fertil 
izer, both the size and density of ani-

40A Environ, ScL Technol.. Vol. 17. No, 1. 1983 

mal feedlots have increased, raising the 
volume of manures, which are a sig
nificant source of N H3 to the atmo
sphere (68). The increased loading of 
nitrogen in agricultural soil has led to 
an increase in N H4 + concentrations in 
precipitation. 

Nitrate and S042- levels in precip
itation also appear to have increased 
since 1955, Junge plotted a 16 !leq L-I 
isopleth for N03 - over Lakes Erie and 
Ontario, where current data show 
concentrations in excess of 40 !leq L -I 
(22). Sulfate was 60 !leq L -I in the 
same region during 1955- 56 (23) and 
is now 90 !leq L -lor more. The extent 
of the 60 !leq L -I isopleth, which was 
Junge's maximum, has increased to 
cover a large part of eastern Canada 
and the northeastern U.s. This com
parison is incomplete because Junge 
had no rain collection sites in Canada, 
Note that N03 - has increased relative 
to S042- as suggested by Galloway 
and Likens (70). 

Emission rates for NOx and S02. 
the precursors to N03- and S042- in 
precipitation, have increased sub
stantially over this period, Emissions 
of NOx have doubled from 12,5 X 106 
ty-I in 1955t025 X 106ty-1 in 1975, 
and S02 emissions increased from 23 
X 106 to 33 X 106 t y-I (82), Fur
thermore, the use of tall stacks, which 
disperse plumes over a wider area, has 
grown in recent years. Junge does not 
present data on H+ in precipitation 
during the 1950s. 

One could hypothesize that in
creases in S042- and N03 - concen
trations in precipitation would have 
increased the H+ concentrations, but 
that concomittant increases in N H4 + 
could have neutralized the added H+ . 
However, comparisons between our 
isopleths and the reconstructed H+ 
isopleths of Cogbill and Likens suggest 
that H+ concentrations have increased 
(42) , The recent acidification of pre
cipitation in North America has been 
further documented by Likens and 
Butler (46). The concentrations of 
other major cations do not appear to 
differ appreciably from levels observed 
during the 1950s, and their present 
spatial patterns are similar to those 
observed previously. 

Because Lazrus et aL presented 
their 1966 data on trace metals in 
precipitation as symbols representing 
ranges that bracket the average con
centration at each site (27), it is diffi
cult to detect any changes in regional 
trace-metal concentrations since that 
time. For the most part, present-day 
concentrations of Pb are comparable 
to 1966 concentrations; Zn may have 
decreased in local areas, but since 



knowledge about the surroundings of 
any of the sites is insufficient, we can
not determine if there has been a 
change in Zn concentrations in pre
cipitation. 

Summary and conclusions 
Available data on precipitation 

chemistry in North America have been 
assembled and used to generate iso
pleth maps of ion concentrations in 
precipitation. Despite some deficien
cies in the data and problems with 
combining data from different sources, 
the resultant isopleths can be used to 
identify regional patterns of major ions 
in North American precipitation. The 
information on trace-metal concen
trations is less complete. 

The major conclusion of this paper 
is that precipitation chemistry is 
dominated by local and regional land 
use patterns and proximity to anthro
pogenic emissions. Acidity is highest 
in precipitation where emissions of 
precursor anthropogenic gases are 
highest and the concentrations of 
neutralizing soil components are 
lowest. 

High concentrations in precipitation 
suggest that the semiarid plains east of 
the Rocky Mountains are a major 
source area for CaH , MgH, and K+. 
Ammonium concentrations are highest 
over central North America and are 
derived from agricultural fertilizers, 
animal feedlots, and natural soil pro
cesses. Nitrate and sulfate maxima are 
clearly associated with the major 
urban-industrial area surrounding the 
Great Lakes and industrial northeast
ern U.S. Hydrogen ion concentrations 
in precipitation are high where the 
supply of alkaline minerals, NH4+, 
CaH, and MgH, to neutralize acidity 
is small relative to acidic N03- and 
S042-. 

Sea salt appears to be the predomi
nant source ofNa+ and Cl-.lsopleth 
maps of Fe, Zn, and Pb concentrations 
in the northeastern quarter of the U.S. 
were constructed, and they suggest 
that urban-industrial areas are a 
major source of atmospheric Pb; Zn 
and Fe are derived from the wind ero
sion of exposed soils as well as from 
industrial processes. 

In the future, changes in the factors 
controlling the strength of these 
sources may alter regional precipita
tion. Changes in dust res us pension, 
either through different agricultural 
practices and erosion control measures 
or climate shifts, will affect CaH , 
MgH, and K+ concentrations. Am
monium concentrations will be af
fected by major changes in livestock 
populations or fertilizer applications. 

Any changes in concentrations of these 
alkaline substances would have a sec
ondary effect on precipitation acidity. 
Acidity and concentrations of N03-

and S042- would be influenced by any 
change in NOx and S02 emissions. 
Lead concentrations will likely de
crease in the future as the use of leaded 
gasoline is reduced, but will be par
tially offset by increasing coal com
bustion. 

The northern Atlantic coast and 
lower Great Lakes basin have the 
highest wet-deposition rates for H+, 
N03-, and S042-. Wet deposition of 
CaH , MgH, K+, and HN4+ is high in 
parts of the prairies, but decreases in 
the more arid West despite high con
centrations in precipitation. Because 
of heavy rainfall, the Pacific North
west has large precipitation loadings of 
many elements. 

The concentrations of N03-, 

S042-, and NH4+ in precipitation 
appear to have increased over the last 
25 years. The impact of this additional 
nitrogen on N-limited ecosystems 
should not be ignored. 

For most of North America there is 
a sufficiently complete precipitation 
chemistry network to explain the dis
tribution of major ions in precipitation 
but not necessarily historical trends. 
However, information about major 
ions in the Gulf Coast-lower Missis
sippi valley and the southern plains and 
Rocky Mountains is still incomplete. 
Even less is known about the trace
metal content of precipitation over 
much of North America. 
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For 10 years, The Journal of Physical 
and Chemical Reference Data has pro
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Acid rain collector 
A double-bucket device with solid
state circuitry is powered by a solar 
panel, battery, or ac power. One 
bucket is used to collect precipitation 
and the other to collect dry deposition. 
Climatronics 101 

~ "'. ";-.",,, 
_ / 

---------------------

Well sampling system 
System collects groundwater samples 
from wells with diameters as small as 
2 in. and depths up to 230 ft. The de
vice includes a down-well pump oper
ated by a portable controller. Q. E. D. 
Environmental Systems 102 

Event recorder 
Instrument monitors up to 24 on/off 
type signals at a repetition rate as fast 
as 10 events/so Photo-isolated inputs 
make the recorder compatible with 
most low-voltage digital logic and an
alog signals. The input voltage range 
is from 3-500 Y ac or dc. Gulton In
dustries 103 

Analog and digital interface 
Instrument operates with any com
puter system to eliminate chart re
corders and allows unattended real
time data monitoring and storage from 
a computer or terminal. The unit em
ploys a protocol that can be used with 
assembly language, BASIC, FORTRAN, 
or any high-level language. Serial Lab 
Prod u cts 104 

Air sampler 
Battery-powered unit samples particles 
as small as 0.01 !lm at rates up to 
70 ft 3/min. It has a flowmeter with a 
variable orifice and is suitable for spot 
or continuous monitoring indoors or 
outdoors. Staplex 105 

Need more information about any 
items? lfso, just circle the appropriate 
numbers on one of the reader service 
cards bound into this issue and mail in 
the card. No stamp is necessary, 
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PRODUCTS 
Air mass flow systems 
Electronic instruments have 20 ranges 
from 0- 50 SCCM to 0- 1000 SCFM 
and ±2% full-scale accuracy. Single-, 
dual-, and five-channel systems ac
commodate pipe sizes from 1/4- 8 in . 
and have optional dual analog and 
digital readouts, constant flow set
points, high- low alarms, and totaliz
ers. Sierra Instruments 106 

Hand-held engraver 
Instead of a vibrating stylus, this en
graver uses a diamond-plated ball tip 
that rotates at high speed . It writes on 
glass, metal, or plastic and can also be 
used to expose fossils in rock under a 
stereomicroscope or to remove surface 
scale from objects prior to testing. 
Hacker Instruments 107 

Portable pi petter 
Powered by rechargeable batteries, 
this unit has push-button controls and 
accepts any standard glass or plastic 
pipet with 0.5 - 75 mL capacity. Bat
teries can be recharged with a charger 
that plugs into the wall or with the 
storage stand. Manostat 108 

Pyranometer 
Small-size instrument with a weath
erproof design measures total sun and 
sky radiation. Its typical output volt
ages may be used with analog-to-dig
ital converters and with data acquisi
tion systems. The device is linear from 
-20- 50 DC and corrects for uneven 
heating of the case. Hollis Geosystems 

109 

Thermosystem 
A central control unit and five differ
ent measuring cells heat samples and 
measure melting, boiling, and clouding 
temperatures, as well as dropping and 
softening points. Measuring cells are 
available for determining the heat of 
transformation and for investigating 
samples with thermal microscopy. A 
printer, a recorder, and a computer can 
all be connected to the system because 
data interfaces are built into the con
trol unit. Mettler Instrument 110 

Self-refilling syringes 
Autoclavable, self-refilling syringes 
range in volume from 0- 1 mL to 
0- 20 mL and are fully adjustable over 
their volume ranges. They deliver 
preset aliquots with an accuracy of 
± I % and include a detachable three
way check valve and ceramic or Tef
lon-coated stainless steel plungers. 
Wheaton Instruments III 

Strip chart recorder 
Portable recorder operates on either a 
12-Y dc or a 120-Y ac battery. It has 
a full-scale response of 112 s, eight input 
ranges from 10 mY - 50 Y, 12 chart 
speeds, and 1% full-scale accuracy. 
Soltec 112 

Companies interested in a listing in this 
department should send their releases 
directly to Environmental Science & 
Technology, Attn: Products, J/ 55 
16th St., N.w., Washington , D.C. 
20036 



High-resolution thermometer 
Microprocessor-controlled thermom
eter has a guaranteed accuracy of 
±0.03 °C and thermistor sensors that 
are stable to ±0.002 °C for one year. 
It has a keyboard under the meter on 
which the thermistor's constants can 
be programmed into the thermometer. 
Readings can be taken in Fahrenheit, 
Kelvin, Rankine, and ohms, and a 
memory function shows maximum and 
minimum temperature deviation. Hart 
Scientific 113 

Graphic recorder 
Eight-channel instrument has a mod
ule for plug-in signal conditioners, 
microprocessor-based chart speed 
control, point writing, and more than 
40 chart speeds. The channel width is 
40 mm and linearity is within 1% full 
scale. Astro-Med It4 

Miniature thermistor probes 
These small probes have diameters of 
0.020 in. and 0.025 in. and lengths of 
1/16- 1/4 in. They are stable for all tem
peratures up to 300°C and have re
sponse times of 18- 23 ms for water 
plunge. They are unaffected by severe 
environmental exposures, including 
high density nuclear radiation. Ther
mometrics 115 

Ultrafiltration membrane 
Employs cross-flow filtration and 
noncellulosic polymers to remove liq
uids by filtering at 0.005 /lm. The 
membrane is designed to resist solvents 
such as alcohol in aqueous waste sep
arations and has a high flow capacity. 
Romicon 116 

Bag house monitor 
This instrument uses a photometric 
device to detect holes, seams, and 
breaks in bag houses. It measures 
submicron-sized particles and spans 
ducts up to 5 ft. The alarm adjusts 
from 0- 100% opacity and indicates 
excess emissions by an alarm light. 
Datatest It7 

AA spectrophotometer 
Dual-channel, double-beam atomic 
absorption instrument is capable of 
determining almost any two elements 
simultaneously. It includes a CRT 
screen and an optional cell holder that 
allows it to function as an ultraviolet
visible spectrophotometer. A unique 
background correction system utilizes 
a hollow cathode lamp as its own 
background corrector. Instrumenta
tion Laboratory Its 

Conducti~ity meter 
Hand-held portable unit directly 
measures total dissolved solids in three 
ranges: 0.10 ppm, 0-100 ppm, and 
0-1000 ppm. Samples are analyzed 
with ±5% accuracy in a built-in cup 
equipped with self-conditioning elec
trodes. The instrument automatically 
compensates for temperature and can 
analyze as little as 1.0 mL of liquid. 
Chemtrix It9 

UV -~isible spectrophotometers 
Microprocessor-controlled units use 
double-beam optics with holographi
cally-ruled gratings and high-sensi
tivity photomultipliers that produce a 
spectral range from 195-900 nm. The 
sample compartment accommodates 
accessories such as flow-through cells 
and turrets. The digital interface gives 
the microprocessor control over the 
optics, all automated features, and 
displays. IBM Instruments 120 

Infrared thermometer 
This unit has a linear output from 
4-20 milliamp and a switch-selectable 
choice of I or 10m V / degree. It con
tains an integral alarm and has a 
spectral range from 8-14 /lm. 
E2Technoiogy 121 

Water analysis system 
Digital-reading spectrophotometer can 
be used for more than 65 water tests, 
many of which take less than one 
minute. The system includes a proce
dures manual that gives step-by-step 
instructions and allows testing by un
trained personnel. Hellige 122 

Air chamber for balances 
Ten-in.-high air chamber is designed 
to accommodate tall weighing con
tainers and helps to eliminate the ef
fects of air movement. This accessory 
is an option on all Arbor I-mg and 
O.l-mg balances and can be retrofitted 
in the field. Arbor Laboratories 124 

Digital thermometer 
This is accurate to +0.1 °C over its 
range from -100°C to 850°C and 
has a resolution of 0.1 °C below 
200°C. It has a large 3 1/2 digit LCD 
display and uses a 9-V battery or an ac 
adapter for power. The probes are 
standard 100-ohm platinum RTD 
sensors and are configured for the 
measurement of liquids, gases, sur
faces, and pierceable solids. Owen In
struments 125 

Analytical e~aporator 
Instrument prepares multiple test 
samples simultaneously for residue 
analysis. The rotating sample holder is 
attached to a spring hoist. The needle 
valve heights are adjustable to ac
commodate the mixed use of vials, test 
and centrifuge tubes, and Erlen
meyers. The bath temperature is ther
mostatically controlled below solvent 
boiling points from 35°C to 70 0C. 
Organomation Associates 126 

Surface chemical analyzer 
Analyzer combines scanning electron 
and scanning Auger microanalysis 
capabilities in one instrument. The 
important part of the instrument is a 
vertically mounted electron optical 
column that includes a large diameter 
cylindrical mirror electron energy 
analyzer and integral, coaxial electron 
gun. Most system functions are auto
mated. Perkin-Elmer 127 

Acti~ated carbon filters 
These contain activated carbon im
pregnated on a variety of dust filtration 
substrates. They remove contaminants 
from air and liquid for residential, 
commercial, and industrial applica
tions. Lewcott Chemicals and Plastics 

128 

Toxicity analyzer 
This screening tool determines the 
presence of toxic materials in a variety 
of samples ranging from rinse water to 
hazardous spills. It measures the in
fluence of toxicants on the light output 
of a special strain of luminescent bac
teria. Toxic materials decrease the 
amount of light emitted from these 
bacteria. From 5 to 15 min are re
quired for each reading. Beckman In
struments 13\ 
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LITERATURE 

Waste solidification. Papers explain 
how solidification helps to stabilize 
waste, clean up spillages, and perform 
similar tasks. Liners are also described. 
American Environmental Protection 

151 

Toxic emission control. Bulletin 23-77 
tells how granular activated carbon 
removes toxic and odorous emissions 
from air and lists gases so adsorbed. 
Calgon 152 

Chlorine dioxide. Brochure describes 
Oxychlor chlorine dioxide generating 
system for treating potable or process 
waters; trihalomethane effects are 
minimized. Dioxcide 153 

Dust extraction. Brochure describes 
Erasair dust extractor, which takes out 
up to 99.8% of total dust from air and 
97.5% of respirable dust. Strobic Air 

154 

Microprocessor capability. Literature 
tells how to add Datasette micropro
cessor capability to existing laboratory 
instruments. Gives data logging, pro
cessing, recording, and other capabil
ities; prices start under $1000. Preci
sion Systems 155 

Calibration. Catalog lists equipment 
for calibration of measuring instru
ments, especially those that measure 
hydrogen sulfide. Catalog in English 
or Spanish. Houston Atlas 156 

Test chambers. Brochure lists a whole 
line of environmental test chambers 
with many different temperature/ 
humidity conditions possible and three 
work space volumes. Tenney Engi
neering 157 

Safety management. Catalog lists 
products, books, and training pro
grams in safety management. inter
national Safety Academy 158 

Need more information about any 
items? If so, just circle the appropriate 
numbers on one of the reader service 
cards bound into this issue and mail in 
the card. No stamp is necessary. 
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Flow switches/meters. Catalog lists 
lines of flow switches for regulating 
flow and meters for measuring. 
Transamerica Delaval 159 

Disposal site liners. September issue of 
Gundle Lining Review tells why clay 
liners "may not be deserving of their 
positive and longstanding reputation." 
Gundle Lining Systems 160 

Hazardous wastes. Publication, Rol
lins Report, is addressed to those who 
manage hazardous wastes. October 
1982 issue deals with problem of 
abandoned site cleanup. Rollins En
vironmental Services 161 

Leakage seal. Technical Bulletin 
TL-60 tells how a PVDF pump with a 
special seal solves leakage problems 

with corrosives and solvents. Vanton 
Pump & Equipment 162 

Venturi scrubbers. Brochure HS-MVS 
explains how venturi scrubber abates 
submicron particles and toxic gases 
from low flow rate streams. Heat 
Systems-Ultrasonics 163 

Biotechnology. Expanded catalog lists 
products and instruments used for 
biotechnology research. Featured is 
Fotosystem 1000 for scientific and 
laboratory documentation. FOTO
DYNE 164 

Analysis training. Catalog lists training 
programs in major fields of analytical, 
chemical, and clinical instrumentation. 
Savant 165 

Hazardous wast .. : 
Explaining the new EPA requirements 

On Jan, 26, 1983, EPA regula
tions for the land treatment, stor
age, or dispoSal of hazardous wastes 
become effective. Required by the 
Resource Conservation and Re
covery Act (RCRA) of 1976, these 
regulation~, termed "interim final" 
standards, apply to owners and op
erators of new and existing facili
ties. i The main e.mphasis of the 
regulations is protection of 
groundwater resources. 

There are requirements for 
monitoring and cor.rective action. 
Engineer~ of the Michael Baker 
Corporation (Beav~r, Pa.), have 
prepared so-called decision charts 
for these regulations. There is a 
decision chart; for example, for 
each of the three phases, These 
charts are available from the com
pany. 

Monitoring is divided into two 
types-detection monitoring and 
compliance monitoring, Detection 
monitoring is conducted to learn if 
contamination has migrated from 
a hazardous waste management 

site. If contamination is detected, 
then compliance monitoring must 
be implemented; its purpose is to 
identify the specific parameters of 
concern with r/.:spect to human 
health and the environment. At this 
point, it is necesSary to determine if 
the concentration exceeds allowable 
levels or standards. 

When- a standard is violated, 
corrective action must be under
taken and continued until the con
taminants are removed or treated 
in-place. 

In 1981, Michael Baker Corpo
ration expanded its waste manage
ment capabilities wiih the acquisi
tion ofTouhill, Shuckrow, and As
sociates. Its president, Dr. C. Jo
seph (Joe) TQuhill, was a member 
of the ES & T advisory board in 
1976-77. (See ES&T, January 
1976, page 25-26.) Write direct: 
Michael Baker Corp., 4301 Dutch 
Ridge Rd., Beaver, Pa. 15009. Or 
phone David Hupe, 1-8,00-441-
9014; in Pennsylvania 1-800-642-
3790. 



Pilot plant designs. Guide, "Glass Pilot 
Plants," features pilot plants for small 
production or research and develop
ment operations. Solid-liquid extrac
tion, distilling, and many other oper
ations covered 0-1 Schott Process 
Systems 166 

Computerized charts. Release an
nounces line of computerized genera
tion methods for charts, maps, di
agrams, and other graphics. Texprint 

167 

Spectrochemical equipment. Catalog 
lists spectrochemical equipment, ac
cessories, and parts, as well as refer
ence materials, sample preparation 
equipment, and other items. Baird 

168 

Chromatographic bibliography. The 
company is offering free subscriptions 
to thin-layer and high-performance 
chromatography users. It is called 
CAM AG Bibliography and lists some 
scientific journal publications. Applied 
Analytical Industries 169 

Temperature monitoring. Brochure 
describes Series 7104 and 7106 moni
toring panels for temperature. Digital 
thermometers are also listed. IMC 
Instruments 170 

Dust suppressant. Bulletin details 
Compound MR, a dust suppressant 
that can penetrate hydrophobic ma
terials. Johnson- March 171 

Air pollution tracers. Brochure de
scribes air pollution tracer studies for 
developers of power plants, mines, oil 
recovery operations, other industries. 
Featured is the CT A- 1000 real-time 
gas analyzer. AeroVironment 172 

Analysis articles/items. News & Notes 
for the Analyst lists solutions to labo
ratory problems and features an article 
by Harvey Diehl on copper determi
nations. Hach 173 

Liner sen icing. Brochure tells how 
Hercolor epichlorohydrin elastomers 
used in disposal site liners help avoid 
failures caused by ozone, weathering, 
and ultraviolet light. Hercules 174 

Water tracing. Bulletin 103 points out 
how fluorescein, a dye, can trace sur
face and groundwater movement. 
Turner Designs 175 

Laboratory facilities. Bulletin G-49 
describes research and development 
laboratory facilities now available for 

outside contract work. Pyroprocessing 
is one offered. Fuller 176 

FBC coal combustion. Brochure ex
plains dual-bed fluidized-bed com
bustion (FBC) technology for firing 
high-sulfur coal with little or no pol
lution. Steam output 20 000-120 000 
Ibjh; retrofit possible. Wormser En
gineering 177 

Heater. Brochure describes high
temperature, energy-conserving heater 
for preventing fly ash cool-down and 
other uses. Bylin Heating Systems 

178 

Tubular filters. Bulletin EF-14 lists a 
whole line of tubular filters, including 
fluorocarbon-lined ones. The Duriron 
Company 179 

Calibration instruments. TRANS
CATALOG describes and lists test, 
measurement, and calibration instru
ments for pH, conductivity, humidity, 
and many other parameters. TRANS
CAT 180 

Cooling tower fan drives. Catalog 
B-593 lists company's line of cooling 
tower fan drives. Mixing Equipment 

181 

Laboratory plasticware. Catalog lists 
large line of laboratory plasticware for 
large and small labs. VWR Scientific 

182 

FSOT capillary columns. Bulletin 48 
lists line of stationary phases for fused 
silica open tubular (FSOT) capillary 
columns for analyzing various organic 
materials. Alltech Associates 183 

Acoustics. Paper E I 06-30 16 details 
acoustic theory and explains how noise 
from various sources can be sup
pressed. Babcock & Wilcox 184 

Safety equipment. Catalog lists 
equipment, accessories, books, other 
items for safety in the workplace. 
Safety Management Inc. 185 

Emergency life support apparatus. 
Brochure details 5-min escape hood 
that can be entered to allow escape of 
smoke, fumes, and other hazards. In
ternational Safety Instruments 186 

Dew-point sampling. Application bul
letin 3-052 discusses how a dew-point 
sampling system is designed and dis
cusses hygroscopic properties of vari
ous materials. EG&G 187 

HPtC samples. Brochure explains 
how to prepare high performance liq
uid chromatography (HPLC) samples 
and solvents, and lists full line of filters 
and apparatus. Schleicher & Schuell 

188 

Sewer technology. Wastewater Tech
nology, a new publication, details new 
technology of pressure sewer systems, 
and explains how one application 
helped a community. Peabody Barnes 

189 

Refrigerated circulators. Brochure 
PB-322B describes line of remote
controlled refrigerated liquid circula
tors. Temperatures 0- 100 °C with 
control ±O.I 0c. SybronjBrinkmann 

190 

PCB field tests. Technical bulletin 
describers PCB field test kit that can 
cut analysis costs and provide an on
the-spot check in emergencies. Price is 
$2800. CENTEC 191 

Cascade impactors. Publication is a 
general instruction manual with com
ments and techniques for all sorts of 
cascade impactors. They are used for 
air sampling. BGI 192 

Pressure measurement. Brochure 
provides guide to selection of strain
gauge and LVDT-type pressure 
transducers and transmitters. Charts 
indicate available options. Schaevitz 
Engineering 193 

Nuclear data acquisition. Flier has 
highlights of a report concerning data 
acquisition necessary for nuclear 
plants to satisfy federal emergency 
instrument requirements. Ask about 
NSAC 51 . Research Reports Center, 
Box 50490, Palo Alto, Calif. 94303 
(write direct). 

Irradiated foods. Booklet tells of a food 
preservation method using irradiation. 
Food does not become radioactive. 
American Council on Science and 
Health, 1995 Broadway, New York, 
N.Y. 10023 (write direct) . 

Reference materials. List shows stan
dard reference materials and prices; a 
new standard offer is PCBs in oil. 
National Bureau of Standards, 
Washington, D.C. 20234 (write di
rect). 

Companies interested in a listing in this 
department should send their releases 
directly to Environmental Science & 
Technology, Attn: Literature, 1155 
16th St., N. w., Washington, D.C. 
20036 
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EVALUATED KINETIC DATA FOR HIGH TEMPERATURE 
REACTIONS, VOLUME 4: HOMOGENEOUS GAS PHASE 
REACTIONS OF HALOGEN· AND CYANIDE· 
CONTAINING SPECIES 

~e Journ~ itself. publi~e1 by the Americ~n InS!ltuteof 
~a~onal Bureau of Stan~rds , , .' your triple $urarlce of 

Supplement 
No. I to Vol. 2 

PHYSICAL AND THERMODYNAMIC PROPERTIES OF 
ALIPHATIC ALCOHOLS 
by R. C. Wilhoit and B.}. Zwolinski, Thermodynamics Research Center, 
Deportment of Chemistry, Texas A & M Univen;ity 

by D. L. Baulch,}. Duxbury, S. }. Grant, and D. C. Montague, Deportment 
of Chemistry, University of Leeds 

Represents the most exhaustive review and critical analysis of selected 
physical and thermodynamic properties of aliphatic alcohols that has 
been published in the world literature of chemistry. Compiles and critically evaluates the available kinetic data for 300 

homogeneous gas phase reactions involving halogens. the cyanide 
radical, and their compounds. For each reaction you will have 
• relevant thermodynamic data • a table of measured rate constants 
• a discussion of the data • and a comprehensive bibliography. 

Supplement 
No. I to Vol. 3 

American Chemical Society Distribution Center 

Please send me the follOwing publications: 

Tide 

A. Evaluated Kinetic Data for 
High Temperature Reactions. 
Volume 4: Homogeneous Gas 
Phase Reactions of Halogen-

No. of 
copies 

and Cyanide-Containing Species __ 

B. Physical and Thermodynamic 
Properties of Alcohols 

C. Thermal Conductivity of 
the Elements: A 
Comprehensive Review 

Unit 
price 

S80 (Hardcover) 

$33 (Hardcover) 

$30 (Softeover) 

$60 (Hardcover) 
$55 (So/teover) 

D. Energetics of Gaseous Ions $70 (Hardcover) 
$65 (So/teover) 

Foreign orders please add $4 for each book ordered: 
California residents add 6% state use tax: 

TOTAL: 

Supplement 
No. I to Vol. 6 

by H. M. Rosenstock, K. Draxl, B. Steiner, and}. T. Herron, Notional 
Bureau of Standards 
Provides a comprehensive body of critically evaluated information on 
ionization potentials, appearance potentials, electron affinities and 
heats of formation of gaseous positive and negative ions. It is a 
complete revision and extension of the earlier reference work. 
Ionization Potentials. Appearance Potentials and Heats for Formation of 
Gaseous Positive Ions, NSRDS, NBS 26. 
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Solar Heat-N-Grow Window. Roger 
A. Moyer. 64 pages plus plans. Rodale 
Press Inc., 33 East Minor Street, Em
maus, Pa. 18049. 1982. $14.95 , 
paper. 

Being able to heat one's home with 
solar energy means that much less 
consumption of fossil fuels, along with 
attendant pollution reduction. This 
book provides instructions and plans 
for turning a window into a solar air 
heater, with a window greenhouse as 
an added bonus. 

Pbotoroltaics, tbe Solar Electric 
Magazine. Mark C. Fitzgerald, Ed. 
Bimonthly periodical (to be increased 
to monthly) . Fore Publishers, Inc., 
P.O. Box 3269, Scottsdale, Ariz. 
85257. $24/y or $50 for 36 issues. 

This magazine contains technical 
and nontechnical articles on tech
nologies, products, and projects in 
photovoltaics and directly generated 
solar electricity. Each issue concen
trates on a specific area. 

,Development without Destruction. 
Mostafa Kamal Tolba. ix + 197 pages. 
Tycooly International Publishing Ltd., 
6 Crofton Terr., Dun Laoghaire, 
County Dublin, Ireland. 1982. $31, 
hardcover; $22, paperback; $12.50 for 
developing countries. 

The author is the U.N. Environment 
Programme's Director-General. It 
includes speeches he made concerning 
population (at Bucharest), food 
(Rome), human habitat/settlement 
(Vancouver), desertification (Nairo
bi), and other topics of importance. 

Making Pollution Prevention Pay. 
Donald Huisingh, Vicki Bailey, Eds. 
168 pages. Pergamon Press, Maxwell 
House, Fairview Park, Elmsford, N.Y. 
10523.1982. $25. 

This book stems from a conference 
sponsored by the Office of the Gover
nor of North Carolina. It discusses 
work done by 3M Corporation, 
chemical recycling, systems ap
proaches to waste management, how 
to turn pollution prevention into mar
kets and profits, and cooperative ef
forts among various sectors of so
ciety. 

BOOKS 
Ground Water. H. M. Raghunath. 454 
pages. John Wiley & Sons Inc., 605 
Third Ave., New York, N.Y. 10016. 
1982. $29.95, hardcover. 

Groundwater is an extremely im
portant source of water for man, and 
one under some threat. This book 
covers many aspects of groundwater, 
including assessment, utilization, and 
management. Procedures and designs 
for groundwater systems are present
ed, and rural water supply and irriga
tion use are emphasized. The book is 
aimed at graduate students and pro
fessionals. 

Spirit of Enterprise: The 1981 Rolex 
Awards. Gregory B. Stone, Ed. xx + 
460 pages. W. H. Freeman and Com
pany, 660 Market St., San Francisco, 
Calif. 94104. 1982. Inquire as to 
price. 

A Rolex Award, given by Montres 
Rolex S.A. (Geneva, Switzerland) 
consists of a gold chronometer and 
50000 Swiss francs. It is presented in 
three categories: applied sciences and 
invention, exploration and discovery, 
and the environment. This book ex
plains in detail what the awardee did 
to earn his award. One example is a 
scheme for "banking" the genome of 
endangered species, awarded to a 
professor at the University of Ten
nessee. 

Genetic Alchemy. Sheldon Krimsky. 
xiii + 445 pages. The MIT Press, 28 
Carleton St., Cambridge, Mass. 
02142. 1982. $24.95, hardcover. 

This book examines the social his
tory of the recombinant DNA contro
versy. It ellplains why concern over this 
field has arisen, why the public has 
become more involved, and what the 
science and policy debates are. 
"Worst-case" experiments, biological 
hazards, consensus positions, and 
guidelines are among the many topics 
discussed. 

1982 National Conference on Envi
ronmental Engineering. Walter K. 
Johnson, Dennis R. Martensen, Eds. 
xii + 751 pages. American Society of 
Civil Engineers, 345 East 47th St., 
New York, N.Y. 10017. 1982. $56, 
paper. 

The conference took place in Min
neapolis in July 1981. Among subjects 
discussed there were policy, water 
supply and treatment, acid rain, wa
terborne diseases, hazardous waste, 
toxicity, and many other topics ger
mane to environmental engineering 
and policy work. 

Effects of Aerosols on Atmospheric 
Processes, NRCC No. 18473. 208 
pages. Publications, NRCC/ CRNC, 
Ottawa, Ontario, Canada KIA OR6. 
1982. $8, paper. 

This document deals with aerosols 
in the atmosphere. It covers particle 
emissions, characteristics, sources, 
optical properties in the atmosphere, 
effects on clouds, fog, precipitation, 
and atmospheric electricity, and ef
fects on climate. 

Winning the Games Scientists Play. 
Carl J. Sindermann. xii + 290 pages. 
Plenum Press, 233 Spring St., New 
York, N.Y. 10016. 1982. $15.95, 
hardcover. 

. This book offers some hints to as
piring scientists. For example, it tells 
how to use conferences to personal 
advantage, how to write articles suc
cessfully, and how to present them to 
journals and conferences. It offers 
detailed advice on dealing with bu
reaucrats, lawyers, politicians, and 
industry, as well as advice on handling 
interpersonal relationships. 

Energy and Environmental Chemistry. 
Vol. I, "Fossil Fuels"; Vol. 2, "Acid 
Rain." Lawrence H. Keith, Ed. Vol. I, 
xiv + 450 pages; Vol. 2, xiv + 304 
pages. Ann Arbor Science Publishers, 
Inc., IO Tower Office Park, Woburn, 
Mass. 01801. 1982. $37.50, each vol
ume, hardcover. 

Volume 1 looks into the impact of 
tar sands and oil shale, oil spillages at 
sea, fugitive hydrocarbon emissions, 
and Lurgi coal gasification. Volume 2 
discusses point source effects, regional 
effects, and theoretical considerations 
with respect to acid rain. 

Carbon Dioxide Review 1982. William 
C. Clark, Ed. xix + 469 pages. Oxford 
University Press, 200 Madison Ave., 
New York, N.Y. 10016. 1982. $35, 
hardcover. 
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Carbon dioxide increases in the air 
may herald climatic changes to come. 
Here is a review that looks into such 
possible climatic changes, effects on 
minor atmospheric constituents, veg
etation, measurements, and historical 
data . 

Profit from Pollution Prevention. 
Monica E. Campbell, William M. 
Glenn. 404 pages. Firefly Books, 3520 
Pharmacy Ave., Unit I-C, Scarbo
rough, Ontario M I W 2T8, Canada. 
1982. $25, paper. 

For $400000, an electroplating 
company was able to recycle 90% of its 
rinse water and 99% of its chromium, 
copper, and nickel ions, and produce 
only 2% of the sludge it produced pre
viously. This is one item in a book 
aimed at showing how such alterna
tives can " prevent a toxic tomorrow," 
and how waste recovery, when studied, 
can be shown to have surprisingly high 
profit or savings potential. 

The Natural Geochemistry of Our 
Environment. David H. Speidel, Allen 
F. Agnew. xv + 214 pages. Westview 
Press, 5500 Central Ave., Boulder, 
Colo. 80301. 1982. $25, hardcover. 

pH+ 
CONDUCTIVITY 

This book examines in detail the 
many materials that constitute the 
natural environment, including water, 
transport and sorption, soils and their 
composition, the oceans, and geo

. chemical cycles and fluxes. Water flux 
is said to account for about 98% of the 
movement of chemical elements from 
one earth reservoir to another, the re
maining amount being carried by 
air. 

Management of Industrial Wastewater 
in Developing Nations. David Stuckey, 
Ahmed Hamza, Eds. x + 500 pages. 
Pergamon Press, Inc., Maxwell House, 
Fairview Park, Elmsford, N.Y. 10523. 
1982. $70, hardcover. 

This collection of papers includes 
diverse topics, among them the effect 
of pollution on relations between na
tions, the Sao Paulo (Brazil) waste
water pollution control project, sur
veillance and monitoring, anaerobic 
treatment, and wastes from specific 
types of industrial plants in the devel
oping world. 

Cleaning Up Coal: A Study of Coal 
Cleaning and the Use of Cleaned Coal. 
Cynthia A. Hutton, et aI., Eds. xiii + 
398 pages. Ballinger Publishing Co., 

Introducing ihe Myron l pDS Meter - a 
compact, hand·held instrument that 
measures pH and conductivity with a 
single sample. Accurate, on·the·spot 
readings can be made quickly and easily. 

COMPANY 

The pH sensor and conductivity elec· 
trode are built·in to the cell cup for 
greater protection and convenience. 
Myron l quality is built·in too, and that 
means years of reliable service for you. 
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6231 C Yarrow Drive, 
Carlsbad, CA 92008 

Tel: (714) 438·2021 
Tl x: 695009 

Cable: MYElCO 

CARD 

54 Church St., Cambridge, Mass. 
02138 . 1982. $37.50, hardcover. 

This book was prepared by IN
FORM, Inc. (New York, N .Y.). It 
examines coal-cleaning technologies, 
firms in the coal-cleaning business, 
advanced physical processes, and re
search and development organizations. 
Utilities owning coal-cleaning opera
tions and those burning purchased, 
cleaned coal are also listed and de
scribed. 

Herbicides and Plant Growth Regula
tors. W. W. Fletcher, R. C. Kirkwood. 
408 pages. Methuen, Inc. , 733 Third 
Ave., New York, N.Y. 10017. 1982. 
$49.95, hardcover. 

This book reviews the history of 
herbicide development and use, bene
fits of herbicides, and benefits of 
chemicals used to regulate plant 
growth and production. 

The Chemistry of Organophosphorus 
Pesticides. 2nd revised ed. C. Fest, 
K.-J . Schmidt. x + 360 pages. 
Springer-Verlag New York, Inc. , 175 
Fifth Ave., New York, N .Y. 10010. 
1982. $78, hardcover. 

Many organophosphorus pesticides 
are in use now; many are potent, even 
dangerous if used by improperly 
trained people. An advantage is that 
many are degradable. This book dis
cusses their chemistry, biochemistry, 
modes of action, and metabolism by 
target pests and other organisms. A list 
of trade na mes and first-aid instruc
tions are also given. 

Nukespeak: Nuclear Language, Vi
sions, and Mindset. Stephen Hilgart
ner, et al . xiv + 282 pages. Sierra Club 
Books, 2034 Fillmore St., San Fran
cisco, Calif. 94115. 1982. $14.95, 
hardcover. 

This book charges that the nuclear 
industry is covering up damaging in
formation and says that nuclear pro
ponents often confuse hopes with re
ality. Chapters discuss the "Atoms for 
Peace" program, secrecy, public rela
tions, leaks, unaccounted-for materi
als, and many other topics. 

Environmental Science Methods. 
Robin Haynes, Ed. x + 404 pages. 
Methuen, Inc., 733 Third Ave., New 
York, N.Y. 10017. 1982. $19.95, 
paper; $39.95, hardcover. 

This book discusses various quan
titative methods in the environmental 
sciences. Among topics covered are 
mathematics and statistics, measure
ment, computing, surveying, micros
copy, remote sensing, social surveys, 
and laboratory techniques. 



Feb. 3 Tallahassee, Fla. 
1983 Florida Wastewater Manage
ment Seminar. The Florida Depart
ment of Environmental Regulation 

Fee: $10.00. 'Write: Don Schiesswohl, 
Bureau of Environmental Regulation, 2600 
Blair Stone Rd., Tallahassee, Fla. 32301; 
(904) 488-2582 

Feb.21-24 La Jolla, Calif. 
Committee F-20 on Spill Control Sys
tems. American Society of Testing and 
Materials 

Write: Earl Sullivan, ASTM, 1916 Race 
St., Philadelphia, Pa. 19103; (215) 299-
5514 

Feb. 28-March 2 Washington, 
D.C. 
10th Annual Energy Technology Con
ference and Exposition. American Gas 
Association and others 

Write: Government Institutes, Inc., P.O. 
Box 1096, Rockville, Md. 20850; (301) 
251-9250 

Feb. 28-March 3 San Antonio, 
Tex. 
1983 Oil Spill Conference. EPA, 
American Petroleum Institute, and 
U.S. Coast Guard 

Fee: $200. Write: 1983 Oil Spill Con
ference, Suite 700, 1629 K St., NW., 
Washington, D.C. 20006; (202) 296-
7262 

Feb. 28-March 4 Nashville, Tenn. 
Development of Design Criteria for 
Wastewater Treatment Processes. 
Vanderbilt University 

Fee: $725. Write: K. Ann Hood, Con
tinuing Engineering Education, Vanderbilt 
University, Box 1525, Sta B, Nashville, 
Tenn. 37235; (615) 322-2924 

March 3-4 Washington, D.C. 
March 22-23 Houston, Tex. 
The Fundamentals of Groundwater 
Quality Protection. American Ecology 
Services, Inc., and Geraghty & Miller 
Inc. 

Write: Richard M. Miller, President, 
American Ecology Services, Inc., 127 East 
59th St. , New York, N.Y. 10022; (212) 
371-1620 

March 8-9 Nashville, Tenn. 
May 18-19 Philadelphia, Pa. 
Waste Incineration. Vanderbilt Uni
versity 

MEETINGS 

Fee: $475. Write: K. Ann Hood, Con
tinuing Engineeril)g Education, Vanderbilt 
University, Box 1525, Sta B, Nashville, 
Tenn. 37235; (615) 322-2924 

March 28-30 Columbus, Ohio 
3rd Ohio Environmental Engineering 
Conference. Ohio State University and 
others 

Write: Harry G. Bhatt, Malcolm Pirnie, 
Inc., 6161 Busch Blvd., Columbus, Ohio 
43229; (614) 888-4953 

Apri117-19 Milwaukee, Wis. 
7th Symposium on Aquatic Toxicolo
gy. ASTM Committee E-47 

Write: M. B. Cooper, ASTM, 1916 
Race St. , Philadelphia, Pa. 19103; (215) 
299-5470 

June 13-15 Ithaca, N.Y. 
International Symposium on Gas 
Transfer at Water Surfaces. American 
Chemical Society and others 

Write: W. H. Brutsaert, School of Civil 
and Environmental Engineering, Cornell 
University, Ithaca, N.Y. 14853; (607) 
256-3676 

Aug.17-24 Estes Park, Colo. 
International Humic Substances So
ciety Meeting. USDA, Soil Conser
vation Service, U.S. EPA, USGS, and 
International Humic Substances So
ciety 

Write: Ronald L. Malcolm, U.S. Geo
logical Survey, Box 25046, MS 407, Den
ver, Colo. 80225; (303) 234-3975 

COURSES 

Feb.I-2 Los Angeles, Calif. 
Feb.9-10 Seattle, Wash. 
Sample Preparation for Trace Inor
ganic Analysis. Finnigan MAT Insti
tute 

Fee: $300. Write: Nancy Kranpitz, 
Registrar, Finnigan MAT Institute, II 
Triangle Park Dr., Cincinnati, Ohio 45246; 
(513) 772-5500 

March 28-April I Boston, Mass. 
Fundamentals of Industrial Hygiene. 
Office of Continuing Education, 
Harvard School of Public Health 

Fee: $800. Writ e: Office of Continuing 
Education, Harvard School of Public 
Health, 677 Huntington Ave., Boston, 
Mass. 02115-9957; (617) 732-1171 

March 28-Aprill Boston, Mass. 
Occupational and Environmental Ra
diation Protection. Office of Con
tinuing Education, Harvard School of 
Public Health 

Fee: $800. Write: Office of Continuing 
Education, Harvard School of Public 
Health, 677 Huntington Ave., Boston, 
Mass. 02115-9957; (617) 732-1171 

March 30-Aprill Boston, Mass. 
Risk Analysis in Environmental Health. 
Office of Continuing Education, 
Harvard School of Public Health 

Fee: $500. Write: Office of Continuing 
Education, Harvard School of Public 
Health, 677 Huntington Ave., Boston, 
Mass. 02115-9957; (61 7) 732-1171 

CALL FOR PAPERS 

January deadline 
Environmental Regulations and Their 
Impact on the Pharmaceutical Indus
try. American Institute of Chemical 
Engineers 

The session will be held at the AIChE 
Summer National Meeting, Aug. 28- 31, 
1983, in Denver, Colo. Write: Charles V. 
Flemming, Schering Corp., 1011 Morris 
Ave., Union, N.J. 07083; (201) 558-
5444 

February I deadline 
New Environmental Control Tech
niques from Mineral Processing In
dustries. American Institute of 
Chemical Engineers 

The sessions will be held at the 1983 
National Meeting of the AIChE, Aug. 
28- 31 , 1983, in Denver, Colo. Write: Dr. 
Donald A. Dahlstrom, Eimco Process 
Equipment Co. , P.O. Box 300, Salt Lake 
City, Utah 84110 

February I deadline 
4th International Conference on Heavy 
Metals in the Environment. Commis
sion of the European Communities, 
National Research Council of Canada, 
and others 

The conference will be held Sept. 6-9 at 
the University of Heidelberg, FRG. Write: 
Heavy Metals Secretariat, CEP Consul
tants Ltd., 26 Albany St. , Edinburgh EH I 
3QH, U.K. 
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professional consulting services directory 

6~~;FULL SERVICE 

' ...... ~. COMPLETE ENVIRONMENTAL SERVICES: 
........ , .•. ~.. .' Envir onmental Impact assessments .. Pollutant emis 

Steal'Ds-R . " Slon,. air quali ty & water quality m oni tor i n g .. 0'5-
perSlon estimates .. . Ec ological cons ult ing ... 

Meteorologica l field stud ies & cons ultin g services. Contact 

ENVIRONMENTAL SCIENCES DIVISION 
(303) 758·1122 

P. O. Box 5888 
Oen'ler. Colorado 80217 

~ Scott Environmental 
W Technology. Inc. 

The Air Pollution Specialists 
• Research and Consu lting. 

• Source Emissions Testing. 
• Control Device Efficiency. 

• Continuous Source Monitoring. 
• Ambient Mon itor ing. 

• Fuel Additive & Automotive Testing· 
Route 61,. Plumsteadville, PA 18949 

215 - 766·8861 
2600 Cajon Blvd., San Bernardino.CA 92411 

714 - 887·2571" 

1290 Com~;j~'~~}9~~' MI 48084 

ACOUSTIC TECHNOLOGY, INC. 

ACOUSTIC CONSULTANTS 

(@ Environmental Noise Impact 
Assessment 

@l Ambient Noise Monitoring 

@l Computerized Acoustic Modeling 
and Analysis 

240 Commer cial Street. 

Bosto n . MA 02109 
Telephone 

(617) 367-0164 

~~~"" 
LABORATORIES INC 

545 Commerce SI Franklin L~kes New Jersey 01417 
20 113374774 \201.89 1 8787 

• AIomlc Absorpllon • Opllcal Emh.slon 
• GasChromalogfaphy • X raySpeclfomelry 
• Chemical • ICP 

TRACE ANAL YSI$ fs' 
Cemple-Ie- Analyl c.11 Sef~ces 1948 
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, Woodward· Clyde IJJ. ~ 
Consultants ~ 

• Site Selection Studies 
• Impact Assessment 

Evaluation 
• Decision and Risk Analyses 
• Environmental Field and 

Laboratory Studies 

San Francisco' Denver · Houston· Chicago 
New York. Anchorage - Kansas City 
Wayne. NJ - Plymouth Meeting . PA 

\.... Other oHices in prinCipal U.S. cities ~ 

Environmental Planning and 
Problem Solving for 

Industry and Government 

-AIR _WATER _SOLIDS -NOISE -ODOR 

-MEASURE"ENT -I"PACT "'SSESS .. ENT 

- CONTROL ·INFOR ..... TION SYSTE'" 
-MODELING -PERMIT PL ... NNING 

aooC_nn.ctlC:lllal"oI" I . HlrUo,d,CTO.l0. 
ClO~1 ~aa-a.:s 1 

.I .... T H ... RTFORO _01"'11' 1:11 . . ..... OliGO 

~~ Analy!ical 
sweE 1919 Services 

• Screening of I ndustri ~1 Waste lor EPA Priority 
Pollutants using Finnigan OWA·30 GC/MS. 

• NPD~S & SPDES Organic & Inorganic Testing 
e Drinking Water Analysis 10 EPA Standards. 
e Bioass~y, Bioaccumuta~ion & Toxicity Studies of 

Industnal Waste, Municipal Sludge & Dredge Spoils. 
• Leachate Potenl ial Studies & Analysis. 
• ~~ ~~Io~ental Analysis: A.A., GG/ MS, G.G., tA., 

• AGAA Hazardous Waste Testing . 

NEW YORK TESTING LABORATORIES 
81 Urban Avenue, Westbury, N Y 11590 

(516)334 7770 

~~~~~N~~!I'~E~?~~ J 
G'oundwaW Planning. O"e/opm'nI, 

Management, ond ProtectIOn 

2914 D omingo Avenue 
Berkeley, California 94705 415/ B412091 

~A.F.Me_ 
Assoc::':., Inc. 

Environmental, System Safety, 
and Occupational Health 

ConsUltants 

F_ Brochure Upon ~ 

1317VincentPlace • McLean, VA22101 
703/734-9093 

DATA 
Digitized-Analyzed-Processed 

• Strip ch.rt. dlliJltl.z.d 
• C.llbr.llon f.clof' .pplled 
• Chart / tap. / dl.k d.t. an.tyzad & proc .... d 
• Tape, dl.kett. , or ha rd-copy oljtpul 
• St.ndard 01' Clj.lomlled prlnlOljt. 

Currently processing more than 300 
continuous data c hannels for more 

than 20 c lien ts 

LOW COST, HIGHEST OUALITY 
QUICK TURNAROUND 

WEST ORANGE, NJ DENVER, CO 
(201) 325-1544 (303) 98g:.S081 

ENVIROPLAN 

• Dames & Moore 
• Environmental I mpact Assessment 
• Geotechnical and Environmental 

Engineering 
• Meteorology and Air Quality Monitoring 
• Water Pollution Control Engin"ring 
- Modelling and Numerical Analyses 
• Permitting and Licensing Consultation 
- Solid and Hazardous Waste Management 

San Francisco. Denver _ Chicago 
Ci ncinnat i. Atlanta 

Offices in Principal Cities 
Throughout the World 

Your Full Service Independent Laboratory 
• Compretlens/ve Analyhcal 

$ef'JlCeS 
• EPA Priority pollutants 
• Dnnkmg waTer-SOWA 

• Hazardous wastes- RCRA 
• NPOES permiTS TeSTing 
• Gas Chromalograpny / Mass 

Spectroscopy 

United States Testing Co" Inc. 
1415 Park Avenue, Hoboken, NJ 07030 

(201) 792·2400 



professional consulting 
services directory 

~ Havens and Emerson Ld ComullIr'l9 Enw onrllffilill Englflfet~ 

• :;:::.~-::~. 
Waler Supply Geologlill and Englnee,. 

• Cluentlt8tive end quIIntatlYe ground 
wele, ev_luationa 

• Iron remov.1 by VVREDOX proca •• 
P.O. Box 280 
Westerville. Ohio 4~1 Cranford, New Jersey 
614'882·3136 Arlington, Massachusettes __ 
ENTROPY 
~AIJIITII, IC. 
• Source EmIIeionI Ttilting • In-PIInC Ail StudieI 
• ~ E_ MonitorIng • T""'_ ConouIIing 

_,228,1._1HongIe_NC27708 
_ CoI:1.~ 

HEAOOUARTEAS w... Che-.r, PA It3aO. 2' Wt2·JOJO 
OfFICES AlIIrCa. GA • Bolton. MA • c.mc.n. k.I 

Cn.cago ... . CII¥tIand, OH • Concord. NH 
Houlton, TX • NI~. TN • New ~. LA 
New '(<NIl, NY • RctwtIoncl. VA • St. Paul. MIll 
Wllh,ngIon, DC • Ammtln. Jofo.r. • Cwo, EllnJII 

EPA Drinking Water Stds. & Priority Pollutants 
HaIoforms. PCB's-Ga&es. TOC, SOIkt Waste 
EXb'actlons, Heavy Metals 

4100 PIerce Ro~ (lOS) 327·41 .. 
lIak_leld, C.IHoml. 13301 

SlRAnE 
ENVIRONMENTAl- CONSULTANTS 

·Permit Asslstance -Environmental Impact AssHsmenls 
-M & W,1,r Ouality Mode~no -Hazardous So~d Wlsle Management 

f:or~~::S ~~~:~~:naoes.r: 
Greenvilkt, SC 29606 Houston. TX 77042 

Research Triangle Pa~, NC 2nog 

USE THE 
CONSULTANTS' 

DIRECTORY 

F. A. Long, Editor 
Cornell University 

Glenn E. Schweitzer, Editor 
U.S. Environmental Protection 
Agency 

Analyzes one of today's most 
important environmental issues
hazardous chemical waste sites, 
Covers problems of assessing 
and monitoring wastes, 
Discusses methods and 
guidelines for risk assessment. 
Examines specific cases and 
dangers to human health. A major 
effort in the assessment of 
effective waste management. 

CONTENTS 

Risk Assessment Under the 
Revised National Contingency Plan 
of Superfund. Case Sludy in 
Louisiana. Determining the 
Impacls on Human Health 
• Analysis and Risk Assessment: 
Key to Effective Handling of 
Hazardous Waste Sites. Industrial 
Guidelines for Risk Assessment 
• Methodology for Assessing 
Uncontrolled Site Problems at the 
County Level. Monitoring to 
Support Risk Assessments at 
Hazardous Waste Sites· Currently 
Available Geophysical Methods for 
Use in Hazardous Waste Site 
Investigations e Incorporating Risk 
Assessment into RCRA Regulatory 
Process 

Based on a symposium sponsored by 
the Committee on Environmental 
Improvement of the American Chemical 
Society 

ACS Symposium Series No. 204 
129 pages (1982) Clolhbound 
LC 82· 16376 ISBN O·B412·0747·X 
US & Canada $19.95 Export $23.95 

Order from: 
Dlllribulion Dlllc.-34 
American Chemical Society 
1155 Slxl •• nlh Sl., N.W. 
Walhlnglon, D.C. 20036 
0' CALL TOLL FREE 800·424·6747 and use 
your credit card. 

Biomassasa 
Nonfossil 
Fuel Source 
-

ACS Symposium Series No. 144 

Donald L. Klass. Editor 
Institute of Gas Technology 

Based on a symposium sponsored by the 
Division of Petroleum Chemistry of the 
American Chemical Society. 

An attractive and renewable source of 
·carbon for synthetic fuels and energy 

As the costs of fossil energy increase and 
the available supplies shrink . especially 
petroleum and natural gas. there will be a 
return to a renewable source of fixed car
bon in the form of biomass to assure a 
continuous supply of organic liquid and 
gaseous fuels and chemicals. 

This timely 'book contains twenty-five 
chapters grouped inlo five major 
categories : biomass produclion . liquid 
fuels. gaseous fuels . economics and 
energetics. and systems analysis. Pre
sentations of pure research as well as 
di$cussions of working conversion sys
lems make this volume invaluable to 
those interested in renewable. environ
mentally benign energy supplies. 

CONTENTS 
Production at biomass in the forms of trees. 
nonwoody land plants. freshwater and marine 
macrophytes . and water plants is presented . 
Oil. ethanol. methanol . methane, and acetylene 
are among the specific conversion products of 
biomass that are discussed. Enzymatic. ther
mochemical digestive. and pyroJytic conversion 
processes are represented in this comprehen
sive volume. The economics of chemicals and 
synthetic fuels from biomass is also analyzed 
thoroughly. 

564 pages (1981) Clolhbound $42.00 
LC 80-26044 ISBN 0-B412-0599-X 

Orclerl,om: 
SIS Dept Box 43 
American Chemical Society 
1155 Sixleenlh SI., N.W. 
Wnhinglon, D.C. 20036 
0' CALL TOLL FREE 8011-424-6747 
and use your credit card. 
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CLASSIFIED SECTION • POSITIONS OPEN 

ENVIRONMENTAL QUALITY 
AND HEALTH POSITION 

UNIVERSITY Of C.6.lIFORNIA. ':WINE: The Pr09"am In 
Social EcoI9OY. University of California allrvine, invites 
appHcations for an Assistant Professor In a temre track 
position, beginning September 1982. Candidates must 
be well trained In analytical Of physical chemistry and 
have research Interests in environmental chemistry and 
in the health implications of environmental contaminants. 
Doc1oral training may be in chemistry, IOxtcoIogy. envi
ronmental science or engineering, publk; health or 
medicine. The candidate rrusl be capable of develop«lg 
an independent research program within the environ
mental analysis (environmental quality and heafth) area 
of the Progrem In Social Ecology. The Ideal candidate 
would have experience and/or interests in the public 
policy application of environmental research findings. 
The PrQg"8I'n in Social Ecology Is a multidisciplinary unit 
whk:h g-ants the B.A., M.A., and Ph.D. degrees. Faculty 
inckde b~s, heaI1h specialists. lawyers, plannefs, 
psychologists, and sociologists whO conduct research . 
on environmental and social problems. The campus is 
located 40 miles south of los Angeles and five mUes 
inland from the Pacific Ocean . Applications from all 
qualified candidates are welcome . Candidates should 
submit a brief letter stating research interests and 
equipment needs, curriculum vita, and names and ad
ci"essesotltlreeretefencesbyF8bruary IS, 1983to: DJ. 
Stev.., D. CobM, Chair, Se8l'Ctl CommIttee, ProgrM'l 

, In Soa.I Ec::oIOgJ, UntversIty of C"omIa, irvine, 1rYtM, 
CA. 82717. An Affirmative Action/Equal Opportunity 
Empfoyer. 

NOTICE OF 
POSmON AVAILABLE 

The University of Vermont has an academic position 
available in the Civil Engineering and Mechanical 
Engineering Department for which we invite appli
cations. We are interested In applicants searching 
'Of an Assistantl Associate Professorship leading to 
a tenured position. A doctorate Is required In Civil 
Engineering or an allied ltakl. 
Candidates must be prepared to conceive and pssue 
an active research program in their area of special
ization and to give instruction at undergraduate and 
graduate levels. Salary is open and depends upon 
qualifications and experience. The position to be 
filled is in sanitary/environmental engineering, with 
preferences for water body, air, or microbiological 
emphasis. A starting date of 1 September. 1983 is 
intended, though anothef date may be negotiated. 
Applications will be accepted as long as the position 
remains open. 
Applications should include a complete resume, a 
list of publications, and names and acktesses of th'ee 
or more references; academic transcripts may be 
included. Send applications to Dr. Clark. E. HfH'
_,~CEME~,I03V"" 
Bldg., The UnIversity of Vermont, Burlington. VT 
0540$·0158. 

The University of Vermont is (In A.fflrmatlve Act/cKJIEqUili 
Opportunity EmploYlN 

CLASSIFIED ADVERTISING RATES 
Rate based on number of insertions used within 12 months from date of first insertion and not on 
the number of inches used. Space in classified advertising cannot be combined for frequency with 
ROP advertising. Classified advertising accepted in inch multiples only. 

Unit I·T 3·T 6·T 12·T 24.T 
linch S100 Si5 S90 S85 S80 

(Check Classified Advertising Department for rates if advertisement is larger than 10".) 
SHIPPING INSTRUCTIONS: Send all material Ul 

Environmental Science & Technology 
Classified Advertising Department 

25 Sylvan Rd. South 
PO Box 231 

Westport, CT. 06881 
(203) 226·7131 

RESEARCH ASSOCIATE/ 
METEOROLOGY 

Position available to carry out research in atma-
spheric physics and satellite radiance interpretations. 
Ph.D. in atmospheric science or related discipline 
with one year experience In similar research is re
quired. Candidate will be expected to develop models 
of radiative transfer through a hazy atmosphefe for 
remote sensing of air pollution and interpret satellite 
radiances data. Salary is $204,800 pet'" year. Send 
resume and list of research/publications to Profeaor 
F. Ba.r, Department of Meteorology, 2207 Space 
Scl_ 8uIIdIng, Unlvonlty 01 Maryl_, c.-
P.rk, YO 20742. Equal opportooity/ affirmative ac
tion employer. 

CHAIRMAN 
Department 01 Environmental Science 

Oregon Graduate Center 
Applications and nominations are sought for chairman
ship of five marmer, 8Q!1essive depa1ment with external 
research support exceeding $1 ,000,000. Cllrent ~ 
partment research lncludes aquatk: chemiStry. gr~ 
water pollution. toxic organics. atmospheric chemistry 
(trace gases, aerosols. rain). global modeling 01 tropo
spheric chemistry, and analytical environmental chem-

:~~r=~::'~~~~~;~~=-:II 
be expected to conduct an active, sponsored research 
progam and to administer department affairs. Interested 
applicants should SlbmiI a ClITIcuk.m vitae (lnCtu:ting list 
01 publicaUons) and the names of at least three refer
ences to: Personnel AdministratOf, Oregon Graduate 
Center. 19600 N. W. Walker Road, Beaverton, Oregon 
97006. An affirmative action. equal opportunity em
ployer. 
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Editorial Policy 
Environmental Science & Technology reports on aspects 
of the environment and its control by scientific, engineering, 
and political means. Contributed materials may appear as 
feature articles, critical reviews, current research papers, 
research notes, and correspondence. Central to the evalu
ation of all contributions is a commitment to provide the 
readers of ES& T with scientific information and critical 
judgments of the highest quality. For the convenience of 
authors, the specific nature of each type of contribution is 
outlined below. 

Feature articles. A manuscript submitted for publication 
as a feature article should present useful discussion and 
opinion on important research directions in environmental 
science, developing technology, environmental processes, 
and social, political, or economic aspects of environmental 
issues. Each manuscript undergoes review by qualified peers 
as well as by the editors for the purpose of balance and 
elimination of inappropriate bias. Review criteria include 
significance of the scientific issue or process described, 
quality and succinctness of the text, and identification of 
potential research needs. Strict requirements for docu
mentation of results, completeness of data, and originality, 
such as those applicable to research manuscripts, are not 
included in the review criteria for feature articles. 

Critical refiews. Critical reviews are thoroughly docu
mented, peer-reviewed assessments of selected areas of the 
environmental science research literature for the purpose 
of identifying critical research needs. Criteria for accept
ability include current importance of the field under review, 
thoroughness of the literature coverage, clarity of text, and 
adequacy of research need identification. 

Current research papers. The research pages of ES & T 
are devoted to the publication of critically reviewed papers 
concerned with the fields of water, air, and waste chemistry, 
and with other scientific and technical fields which are 
relevant to the understanding and management of the 
water, air, and land environments. Contributed research 
papers will, in general, describe complete and fully inter
preted results of original research. 

All research articles emphasizing analytical methodology 
for air or water analysis must include substantial application 
to environmental samples. ES & T faces some overlap with 
other journals in this area, and articles that do not contain, 
in the editors' judgment, a significant emphasis on envi
ronmental analysis will be returned to the authors for sub
mission elsewhere. 

Manuscripts should be prepared with strict attention to 
brevity. The vast majority of articles are expected to be 
fewer than four published pages. Processing time will be 
shortened if the editors do not have to return manuscripts 
to be condensed. 

Notes and correspondence, as well as full-length papers, 
will be published in the research section. Notes are shorter 
research reports describing preliminary results of unusual 
significance or studies of small scope. Authors of Notes 
should be able to justify why it is not desirable to wait for 
a more complete report to be published as a full-length 
paper. Correspondence is a significant comment on work 
published in the research section of ES & T. Comments 
should be received within six months of date of publication 
of the original article. The authors of the original article 
ordinarily will be allowed to reply. 

Send manuscripts to Environmental Science & Technology, 1155 16th St., N.W., Washington, D.C. 20036. Address 
feature manuscripts to Managing Editor; research manuscripts to Manager, Manuscript Reviewing Office; include a 
signed copyright transfer form, a copy of which appears on the inside back cover of this issue. 

Current Research Author's Guide 
This manuscript preparation guide is published to aid au

thors in writing, and editors and reviewers in expediting the 
review and publication of research manuscripts in Environ· 
mental Science & Technology. For a detailed discussion with 
examples of the major aspects of manuscript preparation, 
please refer to "Handbook for Authors of Papers in American 
Chemical Society Publications" (1978). 

Title 

Use specific and informative titles. They should be as brief 
as possible, consistent with the need for defining the subject 
of the paper. If trade names are used, give generic names in 
parentheses. Key words in title assist in effective literature 
retrieval. 

Authorship 

List the first name, middle initial, and last name of each 
author. Omit professional and official titles. Give the complete 
mailing address where work was performed. If present address 
of author is different, include the new information in a foot· 
note. In each paper with more than one author, the name of 

the author to whom inquiries should be addressed carries an 
asterisk. The explanation appears on the Contents page. 

Abstracts 

An abstract which will appear at the beginning of each 
paper must accompany each manuscript. Authors' abstracts 
frequently are used directly for Chemical Abstracts. Use be· 
tween 100 and 150 words to give purpose, methods or proce· 
dures, significant new results, and conclusions. Write for lit· 
erature searchers as well as journal readers. 

Text 

Consult a current issue for general style. Assume your 
readers to be capable professionals not necessarily expert in 
your particular field. Historical summaries are seldom war
ranted. However, documentation and summary material 
should be sufficient to establish an adequate background. 
Divide the article into sections, each with an appropriate 
heading, but do not oversectionalize. The text should have 
only enough divisions to make organization effective and 
comprehensible without destroying the continuity of the text. 
Keep all information pertinent to a particular section within 
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that section. Avoid repetition. Do not use footnotes; include 
the information in the text. 

Introduction. Discuss relationship of your work to previ
ously published work, but do not repeat. If a recent article has 
summarized work on the subject, cite the summarizing article 
without repeating its individual citations. 

Experimental. Apparatus: List devices only if of specialized 
nature. Reagents: List and describe preparation of special 
reagents only. Procedure: Omit details of procedures which 
are common knowledge to those in the field. Brief highlights 
of published procedures may be included, but details must be 
left to literature cited. Describe pertinent and critical factors 
involved in reactions so the method can be reproduced, but 
avoid excessive description. Results and discussion: Be com
plete but concise. Avoid nonpertinent comparisons or con
trasts. 

Manuscript requirements 

Three complete legible copies of the manuscript are re
quired. They should be typed double- or triple-spaced on 22 
X 28 cm paper, with text, tables, and illustrations ola size that 
can be mailed to reviewers under one cover. Duplicated copies 
will be accepted only if very clear. 

If pertinent references are unpublished, furnish copies of 
the work or sufficient information to enable reviewers to 
evaluate the manuscript. 

In general, graphs are preferable to tables if precise data are 
not required. When tables are submitted, however, they 
should be furnished with appropriate titles and should be 
numbered consecutively in Roman numeral style in order of 
reference in the text. Double space with wide margins, and 
prepare tables in a consistent form, each on a separate 22 X 
28 cm sheet. 

Submit original drawings (or sharp glossy prints) of graphs, 
charts, and diagrams prepared on high-quality inking paper. 
All lines, lettering, and numbering should be sharp and un
broken. If coordinate paper is used, use blue cross-hatch lines 
since no other color will "screen out." 

Typed lettering does not reproduce well: use black India 
ink and a lettering set for all letters, numbers, and symbols. 
On 20 X 25 cm copy, lettering should be at least 0.32 cm 
high-for example, with a Leroy lettering set, use template 
120C and pen No. O. Lettering on copy of other sizes should 
be in proportion. Label ordinates and abscissas of graphs 
along the axes and outside the graph proper. Do not use 
pressed wax for numbering or lettering; it rubs off in all the 
mailings and handlings necessary before receipt by 
printer. 

Photographs should be supplied in glossy print form, as 
large as possible, but preferably within the frame of 20 X 25 
cm. Sharp contrasts are essential. 

Number all illustrations consecutively using Arabic nu
merals in the order of reference in the text. Include a typed 
list of captions and legends for all illustrations on a separate 
sheet. 

If drawings are mailed under separate cover, identify by 
name of author and title of manuscript. Advise editor if 
drawings or photographs should be returned to the author. 

Nomenclature 

The nomenclature should correspond, as closely as possible, 
to that used by other ACS primary publications (refer to 
"Handbook for Authors"). 

Use consistent units of measure (preferably SI). 
If nomenclature is specialized, include a "Nomenclature" 

section at the end of the paper, giving definitions and di
mensions for all terms. Write out names of Greek letters and 
special symbols in margin of manuscript at point of first use. 
If subscripts and superscripts are necessary, place them ac
curately. Avoid trivial names. Trade names should be defined 
at point of first use (registered trade names should begin with 
a capital letter). Identify typed letters and numbers which 
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Sunlight-Induced Mortality of Viruses and Escherichia collin Coastal 
Seawater 

Richard B. Kapuscinski" and Ralph MHche11 

Dlvtslon of Applied Sciences, Harvard Unlverslty, Cambridge, Massachusetts 02138 

• The potential of sunlight for lethality toward enteric 
microorganisms was examined with use of pure cultures 
of Escherichia coli and three bacteriophages (MS2, t/lx·174, 
and T7) suspended in filtered coastal seawater. At tem
peratures that are common in temperate coastal waters, 
in vitro microbial mortality in sunlit seawater was sig
nificantly greater than that in seawater kept in the dark. 
Escherichia coli populations in sunlit seawater exhibited 
convex semilogarithmic mortality curves, suggesting that 
sunlight-induced death of Escherichia coli resulted from 
cumulative photochemical damage. Sunlight lethal for 
bacteriophage MS2 and Escherichia coli was not blocked 
by a polyacrylic filter, which exhibited a transmission 
cutoff at 370 nm. Under identical conditions of ambient 
sunlight exposure, Escherichia coli populations died more 
rapidly than populations of the single-stranded, RNA
containing bacteriophage MS2. 

The prevention and control of microbial contamination 
of surface waters have been important concerns of envi
ronmental engineers for most of this century. In the past, 
relevant research has emphasized the bacterium Escher
ichia coli, because of its association with feces, and the 
coliform group, because of its use as a pathogen indicator. 
Recent research has focused on solar radiation (1-4) and 
protozoan predators (5-7) as the agents principally re
sponsible for bringing about the decline of coliform pop
ulations that enter surface water bodies. Research directed 
toward understanding the behavior and fate of enteric 
viruses in the aquatic environment is fairly recent (8-13), 
so that there is presently little agreement on the principal 
mechanisms and prevailing rates of virus inactivation in 
surface waters (14, 15). 

Interestingly, there have been no published studies that 
directly compare the survival of coliform bacteria and 
viruses under identical conditions in surface water (15, 16). 
This is curious since the efficacy of E . coli as a sanitary 
indicator organism depends in part on its being at least 
as resistant as enteric pathogens to lethal agents in the 
aquatic environment (17). 

We examined solar radiation as a factor in the survival 
of three viruses and E. coli in oxygenated coastal seawater. 
Bacteriophages MS2, T7, and t/l x-174 were chosen for these 
experiments, because their nucleic acid content is similar 

• To whom correspondence should be addressed at the Depart
ment of Civil Engineering, Engineering Building 1-A, The University 
of Michigan, Ann Arbor, MI 48109. 

to that of the Picornaviridae, Adenoviridae, and Parvo
viridae, respectively (16). In this report, we demonstrate 
that exposure to ambient sunlight can cause rapid mor
tality of these organisms in vitro, and we argue that 
availability of solar radiation is an important determinant 
of microbial mortality rates in coastal waters. In particular, 
we observed that (i) dieoff rates of sunlight-exposed Es
cherichia coli and the three bacteriophages were more than 
10-fold higher than those of organisms kept in the dark 
and (ii) solar longwave radiation (). >370 nm) contributed 
to this lethality. Additionally, it was found that mortality 
of Escherichia coli was significantly greater than that of 
bacteriophage MS2 under identical conditions of ambient 
sunlight exposure. 

Experimental Section 

Bacteriophage Preparation and Enumeration. 
Bacteriophages MS 2 (ATCC 15597B), t/lx-174 (ATCC 
13706B), and T7 (ATCC 11303B7) were purchased from 
the American Type Culture Collection (Rockville, MO) and 
were cultured by infecting exponential-phase host cells at 
room temperature in ECM broth. ECM medium consisted 
of an autoclaved basal broth of 10 g of tryptone, 8 g of 
NaCl, and 1 g of yeast extract per liter of glass-distilled, 
deionized water, to which were added 10 mL of filter
sterilized glucose solution (100 g L-I), 2 mL of autoclaved 
1 M CaC~·2H20, and 1 mL of filter-sterilized thiamine HCl 
solution (10 g L-I). Purified bacteriophage cultures were 
obtained from 6-20-h crude lysates by the two-phase 
separation method (18). These cultures were diluted 10-
fold in sterile 10 mM KCl and were filtered (0.22 I'm) to 
make bacteria-free, stock phage suspensions, which were 
stored at 10°C in screw-capped tubes. Phage titers were 
determined by the standard double-layer technique (19) 
by using a bottom layer of ECM medium with 15 g L -I agar 
and a soft agar overlay of ECM medium without glucose 
or thiamine. Plaques were counted after 12-24 h of in
cubation at 37°C. 

Bacteria Preparation and Enumeration. Escheri
chia coli was initially isolated from an eosin- methylene 
blue-agar plate that had been directly inoculated with 
human feces and was maintained on agar slants made with 
brain heart infusion broth. Gram stain and oxidase re
actions, morphology, and the API 20E diagnostic system 
(Analytab Products, Inc., Plainview, NY) were used to 
identify the isolate as Escherichia coli. Cell suspensions 
for survival trials were exponential-phase cultures grown 
in minimal glucose broth. Minimal glucose broth was 
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made by adding 2 mL of filter-sterilized glucose solution 
(100 g L-l) to 200 mL of an autoclaved mineral salts broth, 
consisting of 1.0 g of NH.Cl, 6.0 g of Na2HPO., 3.0 g of 
KH~O., 0.2 g of MgSO.·7H20, and 0.5 g of NaCI per liter 
of glass-distilled, deionized water. Coliforms were enu
merated by the spread-plate method by employing a me
dium of 5 g of lactose, 8 g of nutrient broth, and 15 g of 
agar per liter of glass-distilled, deionized water. 

Survival Experiments. Seawater was obtained from 
a coastal site at Nahant, MA, and was filtered in the lab
oratory by using a O.h.m Nuciepore filter (Nuciepore 
Corp., Pleasanton, CAl within 8 h of sampling. Filtered 
seawater was stored at 5-10·C in sterile, 2·L screw-capped 
flasks until use. Salinity of the coastal seawaters in these 
experiments ranged from 21 to 26 g kg-l (S-C-T meter 
Model 33, Yellow Springs Instruments Company, Yellow 
Springs, OH). 

For each survival test, a sample of filtered seawater was 
poured into a sterile flask and was brought to experimental 
temperature by submerging the flask in a constant-tem
perature water bath overnight. For light-exposure trials, 
approximately 350 mL of acclimated seawater was poured 
into a sterile 400-mL beaker. For dark survival trials, 
approximately 300 mL of seawater was poured into an 
aluminum-foil-covered, sterile 400-mL beaker or 500-mL 
screw-capped flask. An additional 300 mL of seawater was 
added to a BOD bottle, which was capped and refrigerated, 
for subsequent analysis of dissolved oxygen (20). This last 
step served to verify that the seawater suspensions were 
oxygenated at the start of each experiment. 

For Escherichia coli survival tests, cultures in minimal 
glucose broth were diluted 10-fold in autoclaved, filtered 
seawater, and from 0.1 to 5.0 mL of the diluted culture was 
added to the appropriate seawater sample. For bacterio
phage survival tests, phage stocks were diluted from 10-1 

to 1~ in autoclaved, ftitered seawater, and from 2.0 to 5.0 
mL of the diluted suspension was added to the appropriate 
seawater sample. In both cases, the seawater suspension 
was well mixed with a sterile pipette and then sampled to 
obtain initial concentration estimates. The range of initial 
concentrations was 10S-1()1i colony-forming units/mL (CFU 
mL-l) for Escherichia coli and 102..10· plaque-forming 
units/mL (PFU mL-l) for the bacteriophages. In paired 
light-dark survival experiments, equal volumes of a mi
crobial culture were used to inoculate a flask and/or a 
beaker(s) that contained different volumes of seawater; 
consequently, the initial concentration was slightly higher 
for the dark condition. 

Inoculated beakers were then placed in a temperature
regulated water bath on the rooftop of our laboratory. 
Inoculated flasks were placed in a temperature-regulated 
water bath located either on the rooftop or in the labora
tory. Periodically, the seawater in the flasks and beakers 
was mixed well with a sterile pipette and samRled for 
subsequent enumeration of viable organisms. For sun
light-exposure trials, 4-18 samples were taken for up to 
a 6-h period. For dark-exposure trials, sampling was 
completed from 15 to 51 times for up to a 6-week period. 
For most sampling times, multiple dilution series were 
completed. All decimal dilutions were made in 1.0 mM 
phosphate buffer (pH 7) with 0.1 % proteose peptone 
added; recent reports attest to the value of organic addi
tives to diluent media in the recovery of injured bacteria 
(21). Each tabulated concentration estimate was an ar
ithmetic average of the colony counts from duplicate agar 
plates that had been inoculated from one decimal dilution 
series. Analysis of variance, using log-transformed plate 
counts, was employed to determine whether microbial 
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f9n 1. Effect 01 solar raclallon on !he SI.IVIval of bacteriophage MS2 
In fIIered coastal seawater at 10 ·C. Each data point Is an lnde
pendent concentration estimate of vlrusas exposed to sunlight on 
7/9/80 (0) or kept In the dark (e). 

populations experienced a significant (or = 0.05%, one-tail 
test) decrease after suspension in seawater (22). Expo
nential decay rates were calculated for each survival ex
periment by using the least-squares method of curve fitting 
and a linear model with log-transformed concentrations 
(23). Moet survival experiments were terminated only after 
a 10-fold, or greater, reduction in concentration was ob
served. Solar radiation intensity was not measured during 
the sunlight-exposure trials, which were initiated between 
1000 and 1200h in each instance. 

For the survival experiments discussed here, the water 
bath temperature was set at 10-23 ·C. For dark survival 
tests, the seawater temperature was generally no more than 
1 ·C higher than that of the bath. For sunlight-exposure 
experiments, the seawater temperature was as much as 3 
·C higher than that of the bath. 

Photoreactivation. In one set of experiments, we 
tested the hypothesis that E. coli and bacteriophage MS2 
populations exposed to solar radiation could be photo
reactivated (24) by a posttreatment exposure to white light 
Quadruplicate plates were inoculated for each serial dilu
tion during survival experiments at 10 ·C. Half of these 
replicate plates were incubated in the dark without delay, 
as in all other experiments; these served as controls. Prior 
to incubation, the remaining sets of replicate plates re
ceived a 20-min illumination with a 500-W photoflood 
lamp (no. 2 Superflood EBV, GTE Sylvania, Danvers, 
MA). The phototreatment so provided (16) was found to 
maximize reactivation of far-UV-induced lesions (25). This 
posttreatment with white light did not increase viable plate 
counts of E. coli or bacteriophage MS2 that had been 
previously exposed to sunlit seawater (16). Consequently, 
inoculated plates did not receive this phototreatment in 
subsequent survival experiments. Our results are con
sistent with evidence (26) that shows that the photoreac
tivating enzyme can be destroyed by exposure to 36S-nm 
radiation, which is present in sunlight. 

Results 
The effect of solar radiation on the persistence of the 

single-stranded RNA-phage MS2 in filtered seawater is 
shown in Figure 1 for a typical trial. Plaque counts (PFU 



Table I. Exponential Inactivation Rates for Three 
Bacteriophages Suspended in Filtered Coastal Seawater 

K.,· hoI 

sunlight-
temp, exposed 

phage ·C date populations dark/control 

MS2 10 7/9/80 0 .32 ± 0 .10 0.006 ± 0.002 
15 8/15/79 0.47 ± 0.24 0.005 ± 0.002 
15 8/16/79 0.41 ± 0.09 0.020 ± 0.002 
23 7/24/79 0.24 ± 0.14 0.027 ± 0.007 

.px-174 15 8/15/79 0.65 ± 0.32 0.009 ± 0.002 
T7 15 8/15/79 0.64 ± 0.19 0.006 ± 0.002 

• Reported is the exponential inactivation rate (Ke) and 
half of its 95% confidence interval. The inactivation rate 
is the slope of the linear semilogarithmic survival curve, as 
estimated by using the least-squares criterion. For these 
experiments, the decimal reduction time (T90) is related 
to K. as follows: 

T90 = (In 10)/K. 

The salinity of the seawater was 26 g kg-' for all experi
ments except one; it was 21 g kg-' for the phage MS2 
survival experiment at 10 ·C. 

mL-I) with ECM agar are plotted on the logarithmic or
dinate vs. duration of exposure in seawater. Clearly, 
bacteriophage MS2 at 10 °C is more stable in the dark than 
with sunlight exposure. Analysis of variance, using log
transformed plaque counts, revealed significant inactiva
tion of the sunlight-exposed population (N = 18 concen
tration estimates) but not for the population kept in the 
dark (N = 9). Similar survival experiments with the sin
gle-stranded DNA-phage q,x-174 and the double-stranded 
DNA-phage T7 demonstrated that these viruses are also 
inactivated rapidly in seawater upon exposure to ambient 
sunlight; decimal reduction times (T90) for phage popu
lations exposed to sunlight ranged from 2.4 to 9.5 h (16). 

Standardized residual analysis (23) gave us no reason 
to believe that the semilogarithmic dieoff curves were not 
linear for any of the tested bacteriophages for either sun
light-exposed or control populations (16). Consequently, 
for each bacteriophage survival experiment, the least
squares estimate of the linear dieoff curve was calculated 
by using log-transformed concentrations (23). For the 
experiment with phage MS2 shown in Figure 1, the ex
ponential inactivation rate (K. :I:: half of the 95% confi
dence interval) with sunlight exposure was 0.32 :I:: 0.10 h-I 
(N = 18) compared with 0.006 :I:: 0.002 h-I for an extended 
experiment (N = 24) in the dark. Bacteriophage inacti
vation rates from paired survival experiments (sunlight 
exposure and dark control) are summarized in Table I. 

The effect of solar radiation on the survival of E. coli 
in filtered seawater is shown in Figure 2 for a typical trial. 
Viable plate counts (CFU mL-I) with lactose nutrient agar 
are plotted on the logarithmic ordinate VB. duration of 
exposure in seawater. Survival of E. coli at 10°C is clearly 
greater in the dark than with sunlight exposure. Analysis 
of variance, using log-transformed plate counts, revealed 
significant mortality for the sunlight-exposed population 
(N = 15), but not for the population kept in the dark (N 
= 6). 

Eight survival experiments with E. coli populations in 
sunlit seawater were completed and all showed rapid 
mortality for sunlight-exposed cells (T90 <5 h) (16). Ex
amination of semilogarithmic dieoff curves from these 
experiments indicated that E. coli mortality in sunlit 
seawater was not well described as an exponential decay 
process; that is, the curves were not linear. Rather, each 
curve exhibited a period (1') of negligible mortality, rangirig 
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figura 2_ Effect of solar radiation on the survival of E. coN In fl~ered 
coastal seawater et 10°C. Each data point Is an independent con
centration estimate of bacteria exposed to sunlight on 7/10/80 (0) or 
kept In the dark (e). 

Table II. Mortality Parameters for E. coli Suspended in 
Filtered Coastal Seawater 

sunlight-
temp, exposed 

·C date T, h popUlations dark/control 

10 7/10/80 0 .45 1.95 ± 0.24 0.011 ± 0.002 
15 8/16/79 1.03 2.16 ± 0 .35 0.009 ± 0.010 
15 9/9/79 0.49 1.24 ± 0.55 0.005 t 0.003 
23 8/7/79 1.04 2.92 ± 0.35 0.022 ± 0.030 

• Reported is the exponential mortality rate (Ke) and 
half of its 95% confidence interval. The mortality rate is 
the slope of the linear portion of the semilogarithmic 
dieoff curve, as estimated by using the least-squares 
criterion. For sunlight-exposed popUlations a brief lag 
period (1') passed before exponential dieoff was observed ; 
for populations kept in the dark, l' was zero. For E. coli, 
the decimal reduction time (T90) is related to Ke as follows 
follows: 

T90 = (In 10)/K. + l' 
The salinity of the seawater was 26 g kg-' for the experi
ments at 15 and 23 ·C and was 21 g kg-' for the experi
ment at 10 ·C. 

from 0.4 to 1.5 h, before dieoff was observed (16). These 
values compare favorably with the observations of Fox
worthy and Kneeling (27), who noted mortality lag times 
up to 2.7 h for coliform populations in sewage plumes in 
coastal surface waters. In contrast, there was no reason 
to reject the exponential decay model for E. coli popula
tions exposed to seawater in the dark for either short «6 
h) or extended (:5437 h) duration (16). 

Mortality parameters (K., 1') are presented in Table II 
for paired light-dark experiments with E. coli. For sun
light-exposed E. coli, the reported dieoff rate (K.) is the 
slope of the linear, sernilogarithmic dieoff curve, which was 
estimated by the least-squares method and was fitted to 
that portion of the data that exhibited mortality. For these 
experiments only the initial concentration estimates (t = 
0) were not included for the log-linear curve fitting. Ex
trapolation of the linear portion of the semilogarithmic 

Environ. Set. Technol., Vol. 17, No.1, 1983 3 



Table III. Effect of Solar Longwave Radiation 
(A >370 nm) on the Survival of E. coli and Bacteriophage 
MS2 in Filtered Seawater at 10 ·C 

duration of 
exposure, h 

0.0 
3.5 
6.0 

concn of survivors,a mL- 1 

E. coli 

78333 ± 2517 
53667 ± 5923 
30833 ± 5686 

PhageMS2 

26817 ± 3336 
13567 ± 846 

8600 ± 700 

a Reported is the mean ± standard deviation of the 
plate counts (n = 3). Analysis of variance, using log
transformed concentrations, indicated significant (p < 
0.001) lethality for both E. coli and bacteriophage MS2. 
The salinity of the coastal seawater in this experiment was 
21 g kg-'. The mortality rates of E. coli and 
bacteriophage MS2 were indistinguishable when exposed 
to filtered sunlight in this experiment, conducted on 
7/14/80. 

dieoff curve toward the ordinate permitted an estimation 
ofthe lag period or shoulder duration (r). The lag period 
was defined as the duration of sunlight-exposure corre
sponding to the initial concentration (Co) on the linear 
dieoff curve (16). 

During one set of survival experiments with sunlight 
exposure, a polyacrylic sheet, which exhibited a trans
mission cutoff at X 5370 nm, was placed atop the inocu
lated beakers and water bath. Thus, it was possible to 
determine whether solar radiation of X >370 nm could 
contribute to mortality of E. coli and bacteriophage MS2 
in seawater. Removal of the shorter wavelengths (X 5370 
mn) did not eliminate the lethal action of sunlight toward 
E. coli and bacteriophage MS2 (Table III). Analysis of 
variance, using log-transformed concentrations, revealed 
statistically significant lethality in both E. coli and bac
teriophage MS2 populations exposed to filtered sunlight 
but not in populations kept in seawater in the dark. Dieoff 
rates of bacteriophage MS2 and E. coli were indistin
guishable under these conditions. 

On three occasions, survival trials in sunlit seawater were 
concurrently conducted for two or more organisms. This 
permitted a direct comparison of in vitro mortality under 
identical conditions of ambient sunlight exposure. The 
exponential dieoff rates observed in these experiments are 
reported in Table IV. As shown by a single classification 
analysis of variance (23), the dieoff rate of bacteriophage 
MS2 was significantly lower than that of E. coli in both 
experiments no. 1 (0.01 < P < 0.05) and no. 2 (p < 0.01). 
However, the data concerning the relative susceptibility 
of E. coli and phages t/>x-174 and T7 to sunlight are am
biguous. In experiment no. I, the exponential inactivation 
rates for DNA-containing phages t/>x-174 and T7 were not 
discernably different (a = 5%) from those of E. coli or the 
RNA-containing phage MS2. However, this result may be 
due to insufficient replication of concentration estimates 
during these concurrent survival trials. If the inactivation 
rates for the three bacteriophages were drawn from the 
same population, it is unlikely (p = 0.033) that the ob
served ranking of phage inactivation rates in experiments 
1 and 3 would have occurred (Jonckheere-Terpstra sta
tistic (28)). Similarly, one can accept with the data from 
all three experiments (p < 0.005) the hypothesis that the 
exponential dieoff rates are ranked as follows: phage MS2 
5 phage t/>x-174 = phage T7 5 E. coli (Jonckheere
Terpstra test (28)). 

Discussion 
Solar Radiation as a Lethal Agent. Our data support 

the hypothesis that solar radiation can be an important 
agent controlling the distribution and abundance of E. coli 
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Table IV. Comparison of Exponential Dieaff Rates of 
E. coli and Bacteriophages under Identical Conditions in 
Sunlit Filtered Seawater 

expt 1 expt 2 expt 3 
organism (8/22/79)b (8/16/79'f (8/15/79)" 

phageMS2 0.50 ± 0.23 0.41 ± 0.09 0.47 ± 0.12 
phage .px·174 0.90 ± 0.52 Nl)d 0 .65 ± 0.42 
phage T7 0.98 ± 0.35 ND 0.64 ± 0.19 
E. coli 1.74±0.60 2.16 ± 0.35 ND 

• Reported is the exponential dieoff rate (Ke) and half 
of its 95% confidence interval for each survival trial using 
filtered coastal seawater with salinity of 26 g kg-'. Single 
classification analysis of variance (22) of dieoff rates 
within an experiment shows that only bacteriophage MS2 
and E. coli exhibit significantly different mortality rates 
(a = 5%). With the data from all three experiments, one 
can accept (p < 0.005) by using the Jonckheere-Terpstra 
test (28) the alternative hypothesis that the exponential 
dieoff rates are ranked as follows: phage MS2 .. phage 
.px-174 = phage T7 .. E. coli. b 20 ·C. c 15 ·C. d Not 
determined. 

and viruses in coastal seawater. Experiments with pure 
cultures of E. coli and bacteriophages MS2, t/>x-174, and 
T7 consistently showed that in vitro microbial mortality 
in sunlit seawater was significantly greater than that in 
filtered seawater kept in the dark (Tables I and 11). 
Consequently, our observations confirm the experimental 
work of Gameson and Saxon (1), who first elaborated the 
relationship between solar radiation and the mortality of 
coliform bacteria in coastal waters. 

The in vitro mortality rates reported here for E. coli and 
bacteriophages in filtered seawater in the dark are com
parable to those measured in the laboratory by other 
researchers (TOO >24 h) (7, 10-12, 15, 16). The in vitro 
mortality rates reported here for pure cultures of E. coli 
in sunlit seawater (TOO <4.9 h) are comparable to coliform 
decay rates measured during daylight hours in surface 
sewage plumes (T90 <5.5 h (27)). Consequently, the ab
sence of lethal sunlight during laboratory experimentation 
and its presence under in situ conditions may explain why 
in situ mortality rates are typically higher than rates 
measured in vitro in the laboratory (11, 2~3I). Fur
thermore, these favorable rate comparisons strongly sup
port the hypothesis that solar radiation is the principal 
determinant of microbial mortality rate in seawater and 
that sunlight-induced mortality is the simplest explanation 
for rapid coliform mortality measured in surface sewage 
plumes (3). No proposed alternative mechanism of mi
crobial mortality can account for the magnitude of and 
differences between reported dieoff rates for in situ and 
in vitro conditions (3, 16). For instance, in vitro decimal 
reduction times due to predation/parasitism typically 
exceed 24 h (7,12), even when predator growth is stimu
lated by artificially large inocula of bacteria or viruses (32), 
and in situ concentrations of predators are even lower than 
those observed in vitro (3). 

Despite the work of Gameson and others (1-4), solar 
radiation has been discounted as an agent in the ecology 
of enteric microorganisms in contaminated waters. This 
view appears to be based on the assumption that the ef
fective wavelengths for microbial mortality do not pene
trate beyond a few centimeters in seawater (33). It was 
shown here that solar radiation of wavelengths ~370 nm 
can cause mortality in E. coli and bacteriophage MS2 
(Table III). The depth for 10-fold reduction in spectral 
irradiance at 370 nm exceeds 5 m even in highly enriched 



and productive seawater (34). To be sure, the principal 
wavelengths responsible for sunlight-induced mortality are 
probably those ~370 nm (35-37). But even 30S-nm ra
diation is reduced by only 10-fold at ca. 2 m in enriched 
and productive seawater (34). Finally, the objection to the 
"solar radiation hypothesis" on the grounds of attenuation 
seems to be based in part on the misconception that only 
far-ultraviolet radiation (>' ~280 nm) is harmful to enteric 
microorganisms and that nucleic acids are the only relevant 
sites of photochemical damage. The results of numerous 
studies, including the present one, refute both assumptions 
(26, 35-40). 

Interpretation of the Shape of Mortality Curves. 
In field studies of fecal coliform populations in marine 
surface waters, several researchers have observed convex 
semilogarithmic dieoff curves similar to those we observed 
with pure cultures of E. coli in filtered seawater in vitro 
(Figure 2); concave semilogarithmic dieoff curves have also 
been noted in some instances (27). The "shoulder" in the 
convex mortality curve has generally been attributed to 
transient in situ growth of cells. We propose an alternative 
explanation: semilogarithmic dieoff curves for E. coli 
exhibit a shoulder because mortality results from cumu
lative photochemical damage. Mortality curves of this 
shape have been frequently reported for many kinds of 
cells exposed to near-UV radiation, both monochromatic 
and broad band, and have been interpreted in this manner 
(35, 41). If transient growth had accounted for the mor
tality "lag" observed in our experiments, then we should 
have also observed transient growth (with specific growth 
rates on the order of 1.0 h-l ) during the first few hours of 
our dark survival experiments; we found no evidence for 
this in any of our experiments over the temperature range 
10-25 °C (16, 40). Our results are consistent with those 
of other workers, which indicate that substrate utilization 
by sewage microorganisms is inhibited by inorganic salts 
such as sodium chloride and that excessive nutrient levels 
are required for coliform growth in seawater (42- 44). 

Comparative Survival of E. coli and Viruses. We 
observed that dieoff rates of E. coli in coastal seawater were 
significantly higher than those of hacteriophage MS2 under 
identical exposure to ambient sunlight (Table IV). Dieoff 
rates of these two organisms were not apparently different 
when exposed to only the near-ultraviolet (>' >370 nm) and 
visible wavelengths of sunlight (Table III). These results 
indicate the E. coli is more susceptible than the RNA
containing phage MS2 to the shorter wavelengths (>' <370 
nm) of solar radiation. Recently, it was shown that fecal 
coliforms in municipal wastewater effluents are also more 
susceptible to 254-nm radiation, which is not present in 
terrestial sunlight, than are populations of poliovirus and 
bacteriophage f2, both of which contain RNA (45). Data 
on the relative susceptibility of E. coli and DNA-containing 
phages 4> x-174 and T7 to ambient sunlight were ambiguous 
(Table IV). 

For an organism, like E. coli, to be an ideal indicator of 
enteric pathogens, it is axiomatic that the indicator or
ganism must die or multiply in the environment in an 
identical manner and degree (17). Differential survival of 
enteric bacteria and viruses have often been proposed to 
account for the sometimes poor correlation between con
centrations of coliform bacteria and picornaviruses in 
coastal water samples (46-48). Our results, showing dif
ferential susceptibility of bacteriophage MS2 and E. coli 
to ambient sunlight, provide some experimental support 
for this explanation. Future studies should examine fur
ther the susceptibility of pathogenic and indicator mi
croorganisms to ambient solar radiation, a potent lethal 

agent in coastal marine waters. 
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2,3,7,8-Tetrachlorodlbenzo-p-dloxln In Sediment Samples from Love Canal 
Storm Sewers and Creeks 

Robert M. SmHh,' Patrick W. O'Keefe, Kenneth M. AldoU8, David R. Hilker, and John E. O'Brien 

Toxicology Institute, Center for Laboratories and Research, New York State Department of Health, Albany, New York 12201 

• Concentrations of 2,3,7,8-tetrachlorodibenzo-p-dioxin 
were determined in six storm sewer and creek sediment 
samples from the Love Canal chemical dump-site area in 
Niagara Falls, NY. Analysis for this highly toxic isomer 
by high-performance liquid chromatography (Zorbax ODS 
followed by partially deactivated Zorbax Sill, capillary gas 
chromatography (OV-17/Poly S-179), and high-resolution 
mass spectrometry showed concentrations from 0.9 to 312 
ng/g. None was detected in an organic-rich soil sample 
from a rural New York State area (detection limit, 0.1 
ng/g). 

Introduction 
2,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) is 

one of 22 tetrachlorodibenzodioxins (TCDDs) and 75 po
lychlorinated dibenzodioxins (PCDDs) that differ widely 
in toxicity. The highly toxic 2,3,7,8-TCDD isomer is a 
comparatively stable, water-insoluble molecule that is 
apparently not found in nature (1). PCDns are byproducts 
of the commercial production of chlorophenois and related 
compounds (1-4). Other sources include laboratory syn
thesis for research purposes and production by pyrolysis 
at the elevated temperatures of some combustion pro
cesses, possibly municipal incinerators, industrial waste 
combustion, etc. (1-6). 

The Love Canal is a section of an unfinished navigable 
hydroelectric power canal, excavated in 1894, which was 
to have connected the upper and lower Niagara River. 
From the early 1940s to 1953 municipal and chemical 
wastes were deposited in the canal_ Our finding of 
measurable amounts of 2,3,7,8-TCDD in the city storm 
sewers adjacent to the Love Canal is consistent with the 
reported dumping of an estimated 200 tons of uncharac
terized trichlorophenol wastes from the production of 
2,4,5-trichlorophenol (7) by the Hooker Chemicals and 
Plastics Corp. More detailed descriptions of chemical 
contamination at the Love Canal are available (e.g., ref 8). 

The following is part of a study by the New York State 
Department of Health and Department of Environmental 
Conservation to determine the nature and extent of con
tamination of the Love Canal area. 

Experimental Section 

Analysis of samples from a chemical dump site for 
2,3,7,8-TCDD is extremely difficult. It requires (a) removal 
of a millionfold excess of interfering compounds through 
a series of chromatographic steps and (b) the ability to 
distinguish the 2,3,7,8-TCDD isomer in the presence of the 
other 21 TCDDs. 

Two methods have been published that can distinguish 
highly toxic 2,3,7,8-TCDD in the presence of other isomers. 
Buser (9) used a 0.25 mm x 50 m high-resolution Silar 10C 
capillary gas chromatography column to separate isomers. 
A method published by Nestrick et al. (10) separates the 
22 TCDD isomers by a combination of high-performance 
liquid chromatography (HPLC) and packed column gas 
chromatography (GC). In our laboratory the second me
thod was modified by the use of a different solvent system, 
which improves the reliability of the silica gel HPLC iso
mer separation, and by substituting a highly selective 
SCOT capillary GC column coated with the Dow-devel
oped two-component liquid phase. The capillary coating 
procedure is that used by Buser et al. (3). The separation 
of all 22 TCDD isomers under these conditions is described 
in a separate publication (11). Preliminary sample cleanup 
was made more rapid and highly selective for planar 
nonpolar aromatics by using an adsorptive carbon, slightly 
modified from that used by Stalling et al. (12). Quanti
tation was accomplished by ion-monitoring high-resolution 
mass spectrometry (HRMS) of m/e 319.8965 and m/e 
321.8936 for TCDD and m/e 333.9336 for the internal 
standard, [U-'3C]2,3,7,8-TCDD, by using the Kratos MS-50 
mass spectrometer at 10000 resolution (10% valley defi
nition). 
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Cleanup Procedure. Homogenized sediment (5 g) is 
air-dried at 60°C, and 20 ILL of [U_13C)2,3,7,8-TCDD (738 
pg/ ILL) is added. The sample is extracted by adding 25 
mL of acetone and mixing thoroughly. Hexane (25 mL) 
is added, and the sample is stirred, extracted for a mini
mum of 1 h, and centrifuged. The extract is then applied 
directly to a 0.8 em i.d. Amoco PX-21 adsorptive carbon 
(50 mg)/Celite 545 (600 mg) column and washed with 50 
mL of 20% benzene/acetone. The column is reversed, and 
the fraction containing TCDDs is eluted with 60 mL of 
benzene. The volume is reduced by using a boiling water 
bath, and the solvent changed to 1 mL cyclohexane. The 
sample is then applied to a 1 x 20 em column containing 
Whatman LPS-2 silica gel, which has been activated for 
1 h at 130°C. TCDDs are eluted with hexane, and the 
18-36-mL fraction is collected. The sample is again boiled 
(benzene added) to reduce the volume to 50 ILL, and the 
solvent is changed to toluene. 

For HPLC the entire sample is injected onto two Dupont 
Zorbax ODS reversed-phase, 0.62 X 25 em columns in 
series and eluted with methanol (2 mL/min) at 40°C. A 
fraction is collected at the retention time of a 2,3,7,8-TCDD 
standard (14.75 min). The fraction is again boiled to 50 
ILL (benzene added), and the solvent is changed to iso
octane. The entire sample is injected onto two Dupont 
Zorbax Sil normal-phase, 0.62 X 25 em columns in series 
(partially deactivated (11)), and the TCDD is eluted with 
a 99.3% hexane, 0.4% benzene, 0.3% water saturated 
dichloromethane solvent at 2 mL/min. A fraction is 
collected at the retention time of a 2,3,7,8-TCDD standard 
(13.1 min). The sample is boiled to 50 ILL (benzene added), 
and the solvent is changed to isooctane. 

GC/HRMS. Samples and standards are analyzed with 
a Carlo-Erba gas chromatograph/Kratos MS-50 mass 
spectrometer/DS-55 data system. Approximately 2 ILL is 
injected (on-column technique) into a 0.35 mm X 35 m 
(HCI-etched soda glass) 60% OV-17, 40% Poly S-179 ca
pillary GC column. Conditions are as follows: 2 mL/min 
He carrier; oven temperature 200 °C for 1 min, 20°C/min 
to 240°C, then hold for 30 min. The column effluent is 
combined with helium make-up gas and flows through a 
jet separator and transfer lines at 300 °C to the MS-50 
source. 

The mass spectrometer is tuned to 10000 resolution at 
maximum sensitivity; the ion source is heated to 250°C 
and operated at 70 eV with a trap current of 500 IlA. Mass 
is calibrated with perfluorokerosene over a range of m/e 
305-450. A programmable power supply controlled by the 
DS-55 data system changes the acceleration and electric
sector fields while keeping the magnetic field constant. 
This allows selection of the accurate masses of TCDDs in 
a high-resolution peak-scanning mode. Two ions are 
scanned with each injection: m/e 321.8936 and the 13C_ 
labeled internal standard at m/e 333.9336. The minimum 
detectable amount of TCDD under these conditions is 5 
pg. If native TCDD is detected in the first injection, m / e 
321.8936 and 319.8965 are monitored in a subsequent in
jection as verification. The data system controls the MS 
reference voltages so a 300 ppm scan by the analog cir
cuitry (300 ppm mass scan range, 1000 ppm/s scan rate) 
is centered on the accurate mass selected. Each scan is 
digitized and stored while the ion current at each mass 
range and total ion current are displayed in real time. 

Data acquired throughout the GC run are retained for 
processing, allowing display of single and multiple ion 
chromatograms, which give accurate peak retention time 
data. For quantitation, GC peak scans can be summed, 
displayed as a mass profile, and integrated. The peak area 

is used to calculate the TCDD concentration with reference 
to the internal standard. Since mass profiles have only 
a 300 ppm mass range, few interferents of the same nom
inal mass will be detected. These will not affect quanti
tation as interferents such as DDE and PCB may be ob
served in the 300 ppm mass window but are resolved from 
the TCDD peak and do not contribute to its intensity. 

Standards. The Pac)2,3,7,8-TCDD stock standard (736 
pg/ ILL) was obtained from the National Center for Toxi
cological Research. Its concentration was checked by 
solid-probe HRMS against a [37CI)2,3,7,8-TCDD standard, 
which in turn was checked against [37CI]2,3,7,8-TCDD 
synthesized in an earlier study (13). More recently the 
[13C]2,3,7,8-TCDD standard has been referenced against 
an FDA 2,3,7,8-TCDD interlaboratory comparison stand
ard. Our 13C-Iabeled standard had a signal at m/e 
321.8936, which was 2% of the signal at 333.9336, but at 
the 2 ppb spiking concentration its effect on the calcula
tions was negligible. 

The 2,3,7,8-TCDD native standard was obtained from 
Dow Chemical. Both its UV absorbance spectrum, ob
tained by HPLC/rapid-vidicon-scan UV detection (14), 
and itS full-scan mass spectrum were obtained and verified 
against the literature. 

The remaining 21 TCDD isomers were synthesized by 
pyrolysis of di-, tri-, or tetrachlorinated phenols. H. Buser 
(Swiss Federal Research Station) provided six pyrolysis 
mixtures, and D. Firestone (FDA, Washington) provided 
the 1,3,6,8- and 1,3,7,9-TCDD isomers. All 22 isomers have 
now been identified in our laboratory by using reverse
phase liquid chromatography, normal-phase liquid chro
matography, capillary GC retention times, exact mass 
measurement, and mass peak abundance ratios. 

Recovery and Precision. Recovery of [14C]2,3,7,8-
TCDD from sample 2 was 32% overall, as determined by 
liquid-scintillation counting. The preliminary cleanup, 
consisting of solvent extraction, PX-21 carbon, concen
tration-solvent change, and silica gel chromatography, had 
a recovery of 67% (PX-21, 90%; silica gel, 98%). The 
high-pressure liquid chromatography consisting of a mi
croconcentration and solvent change, RPLC, microcon
centration-solvent change, and NPLC had a recovery of 
48%. This indicates a mean recovery of approximately 
90% for any individual step in the cleanup procedure. The 
uncorrected average recovery of the [13C]TCDD internal 
standard from the eight samples, as determined by HRMS, 
was 39 % 23% (mean % standard deviation). 

Precautions. Sediment samples were collected by hand 
with a washed spatula and stored in the dark at 4 °C in 
a CH2Cl2-washed glass container. HPLC and syringe 
blanks were routinely analyzed by GC/HRMS to check 
for contamination. These were found to contain no 
TCDDs. During the analysis extracts containing TCDD 
were stored in Pyrex glass away from light to preclude 
photodecomposition. 

Results and Discussion 
Reliability of Procedure. The analytical method in

volved an exhaustive neutral cleanup, utilizing hydro
phobic adsorption, hydrophilic adsorption, liquid-liquid 
partition and gas-liquid partition to eliminate known in
terfering compounds such as DDE, heptachlorobiphenyl, 
or trichlorophenol. Typical normal-phase HPLC and ca
pillary GC/ HRMS chromatograms and a mass profile are 
shown in Figures 1-3. 

The effectiveness of cleanup was evidenced by the 
general lack of compounds other than 2,3,7,8-TCDD at the 
picogram-per-gram level by GC/ HRMS. Because our 
HPLC trapping discriminated against TCDD isomers 
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329.9419 

other than 2,3,7,8-TCDD, other isomers may have been 
present in the samples but were not identified. However, 
2,3,7,8-TCDD is expected to be the major PCDD produced 
in the alkaline hydrolysis of 1,2,4,5-tetrachlorobemene to 
form 2,4,5-trichlorophenol. The most highly contaminated 
sample (Table I, sample 4), contained a small amount of 
another TCDD isomer, which was widely separated on the 
gas chromatograph. This isomer is one of the few that are 
not well resolved by HPLC from 2,3,7,8-TCDD but are well 
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Table I. Samples Collected for 2,3,7,8'TCDD 
Analysis at Love Conal" 

sam- date 
pIe collected location description 

1 11/16/79 storm sewer outflow black 
at 102nd St. and sediment 
East Niagara River 

2 3/17/80 Black Creek, south dark gray 
bank at 96th St. and tan clay 
outfall sediment 

3 3/17/80 Bergholtz Creek, gray-black 
south bank, 550 ft sediment 
upstream of 93rd St. 
outfall 

4 5/27/80 manhole, 97th dark gray 
and Frontier and tan clay 

sediment 
5 5/27/80 manhole, between black 

Wheatfield and sediment 
Read on 100th 

6 5/27/80 manhole, 97th dark gray 
and Wheatfield and tan 

sediment 
7 5/14/80 Hoags Corners, NY brown·black 

(Albany Area) sandy soil 
8 procedure with no soil no soil 

" Samples were selected on the basis of presence of 
chemical odor and oily residue . 

/,1'\ 
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Figure 4. Mass profile lor sample 1. 

separated on the gas chromatograph. 

Ul ..... 

The important role of HRMS in analyzing the complex 
mixture of chemicals in the storm sewers is shown in Figure 
4. Sample 1 contained ppb levels of a non-TCDD-inter
fering compound having the same capillary GC retention 
time as 2,3,7,8-TCDD and an exact mje of 321.9272 
(TCDD = 321.8936). 

A great deal of care was taken to avoid sample cross
contamination. These precautions included exhaustive 
glasware washing procedures. In order to be objective, we 
analyzed the solvent blank (sample 8) immediately after 
what was suspected-and later found-to be a sample 
containing a large amount of TCDD. This accounts for 
the slight presence of TCDD in the solvent blank. The 
syringe-soaking time was lengthened, and a control soil 
(sample 7) contained no detectable TCDD. 

2,3,7,8-TCDD Results. The storm sewers that drained 
the Love Canal area prior to remedial action in 1978 are 
divided approximately at Read Street by a high point of 
elevation (Figure 5). The northern end of the canal was 
drained by storm sewers at 97th Street and 99th Street. 
These sewers flow north, connect, and empty at 96th Street 
into Black Creek, which drains into Bergholtz Creek and 
ultimately into the Niagara River and Lake Ontario. The 
southern end of the canal was also drained by 97th Street 



figure 5. Concentrations of 2.3.7.8-TCOO In Love Canal storm sewer 
and creek sediments. ng/g. Arrows indicate direction of flow. Man
holes are shown. 

and 99th Street storm sewers, which flow south, connect, 
and empty at the "102nd" Street outfall into the East 
Niagara River. 

The water runoff into the storm sewers is erratic and 
presumably results in the transfer of both solid and liquid 
materials downstream. A possibility also exists for transfer 
of chemicals into the sewers through underground defects 
in the piping. In Apr 1979 a New York State survey of 
total halogenated organics in the storm sewer sediments 
identified several major entry points and showed a dis
tribution of contaminants throughout the Love Canal 
sewers (8). 

Sampling locations for the present study are shown in 
Figure 5 and described in Table I. The 2,3,7,8-TCDD 
results are displayed in Figure 5 and detailed in Table II. 
The fact that these results are specific for 2,3,7,8-TCDD 
was verified by comparing the retention times by three 
isomer-separation techniques (Table III) with those ob
tained by the isomer-specific method published by Nes
trick et al. (10). 

The storm sewer sediments contained from 0.9 to 312 
ng of 2,3,7,8-TCDD/g. In contrast, the high-organic soil 

Table II. Capillary Gas Chromatography 
(GC)-High-Resolution Maas Spectrometry (10000) 
Results for 2,3,7,S-TCDD in Love Canal Storm Sewer 
and Creek Sediments 

sam
ple 

1 
2 
3 
4 
5 
6 
7 
8 

calcd co ncn, 
nglg dry wt" 

31 
14 
29 

312 
0.9 

120 
<0.1 

1.3 

overall 
GC reI detection 

retention limit, nglg 
timeb (S/N= 2.5) 

1.000 0.5 
1.005 0.8 
1.005 0.7 
1.003 0.7 
1.005 0.3 
1.002 0.4 

0.1 
0.1 

ratio, 
319.89651 
321.8936c 

0.83 
0.82 
0.79 
0.86 
0.66 
0.87 

" Corrected for any recovery losses by use of 
~IJC)2,3.7.8·TCDD internal standard; C, = A ,C,IA,. 

Relative to ["C )2.3.7 ,8-TCDD internal standard at 
2 ng/g. C Literature ratio = 0.77 (13). 

Table III. TCDD Isomer Retention Index 
Comparison (10) 

reI retention time 

reverse-phase 
HPLCb 

GC (OV-171 
Poly S-179)d 

'OCDD 
silica HPLCc 

isomer" Dow NYS Dow NYS Dow NYS 

["C)2.3.7.8 1.000 1.000 
2.3.7,8 1.000 1.000 1.000 1.000 1.006 1.004 
1.2,3.4 1.148 1.135 1.248 1.262 0.960 0.957 
1.3,6.8 1.155 1.162 0.977 0.977 0.729 0.708 
1.3.7.9 1.088 1.091 0.940 0.944 0.771 0.756 

" This is a partial listing. All 22 isomers have been 
obtained or synthesized by the New York State 
Department of Health (NYS) (11). b NYS. 40 ·C; 
Dow. 50 ·C. C NYS. column deactivated. modified 
solvent. d NYS. SCOT capillary column. 

control (sample 7) did not contain detectable 2,3,7,8-
TCDD. These may be compared with results from a study 
of TCDD in 21 Love Canal storm sewer sediments by the 
U.S. Environmental Protection Agency that found TCDD 
in concentrations ranging from <detection limit to 672 
ng/g (15). Our non-isomer-specific analysis of three Love 
Canal soils found 6.7, 0.14, and <0.0025 ng ofTCDD/g (8). 

The largest concentration of 2,3,7,8-TCDD in the storm 
sewer sediments (312 ng/g) was found immediately adja
cent to the canal at its southern end (sample 4); the next 
largest concentration (120 ng/g) was found just upstream 
(sample 6). This may indicate cumulative loading from 
several canal points. A sample taken one street away from 
the canal, near the high-altitude division of the storm sewer 
system where little canal runoff occurs, contained only 0.9 
ng/g (sample 5). The sample taken at the "102nd" Street 
outfall into the East Niagara River contained 31 ng/g 
(sample 1). The 2,3,7,8-TCDD found here may have come 
from either the southern end of Love Canal or the nearby 
"102nd" Street landfill, which also contains trichlorophenol 
wastes. 

In the northern section of the canal a sample taken at 
Black Creek outfall contained 14 ng of 2,3,7,8-TCDD/g 
(sample 2). This may be compared with a sample taken 
a year earlier (Apr 4, 1979), which contained 31 ng of 
TCDD/g. The discrepancy may be due to environmental 
degradation, sample differences, or our present ability to 
discriminate isomers. A sample taken from adjacent 
Bergholtz Creek contained 29 ng/g (sample 3). A crayfish 
sample taken slightly upstream was previously found to 
contain 3.7 ng of TCDD/g. 
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In a recent study, fish samples taken from Bergholtz 
Creek, Cayuga Creek, the Niagara River and Lake Ontario 
were found to contain 2,3,7,8·TCDD (16). 

TCDD in the Love Canal area may be associated with 
a heavy, chlorinated, oily residue. Since remedial ~ction, 
the residue accumulates as a nonaqueous phase ID the 
leachate holding tanks that process contaminated water 
from the Love Canal. A sample of this material contained 
203 ng of TCDD/g (8). Significant amounts of chloro
phenols have also been identified in this residue and in the 
leachate groundwater. . 

The hazard associated with human exposure to various 
concentrations of 2,3,7,8-TeDD is a subject of controversy, 
although TCDD has been found to be highly toxic, car
cinogenic, and teratogenic in animal studies (see reviews 
in refs 1,4,17,18). The extent of human exposure re
sulting from the presence of 2,3,7,8-TCDD in the Love 
Canal area is unknown. 

Registry No. 2,3,7,8-TCDD, 1746-01-6. 
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Effect of Simulated Acid Precipitation on Algal Fixation of Nitrogen and 
Carbon Dioxide in Forest Solis 

Fu-Halan Changt and Martin Alexander' 

Laboratory of Soli Microbiology, Department of Agronomy, Cornell University, Ithaca, New York 14853 

• Three forest soils from areas exposed to acid precipi
tation were incubated for 21 days in the light to enhance 
the development of indigenous algae. The rates of nitrogen 
fixation (acetylene reduction) in the light and dark were 
significantly less if the soils were treated with simulated 
rain at pH 3.5 than at pH 5.6. The inhibition increased 
with increasing amounts of simulated rain at pH 3.5. The 
fixation of CO2 in the light was significantly less in ~h.e 
three soils following their exposure to simulated precIpI
tation at pH 3.5 than to the same solutions at pH 5.6, and 
the extent of suppression rose with increasing amounts of 
synthetic rain. It is suggested that algae in terrestrial 
ecosystems may be especially susceptible to acid precipi
tation. 

Introduction 
Algae are of considerable importance in soil. They in

crease the organic matter level of soil by fixing CO2 pho
tosynthetically. Their growth often results in improved 
soil structure and decreased erosion. Those blue-green 
algae (cyanobacteria) that fix N2 may add nitrogen to the 
soil, thereby often supplying the element that frequentl.Y 
limits the growth of higher plants. However, because theIr 
proliferation is frequently chiefly at the surface of most 
soils, algae may be especially susceptible to stresses that 
are introduced at the surface of the soil. 

One such potential stress is acid precipitation. Acidity 
is known to affect at least some species of algae, especially 
the prokaryotes. Thus, blue-green algae are reported to 
be rare in environments with pH values below 4.4 (1, 2), 
and Wilson and Alexander (3) found that nitrogen fixation 
and development of indigenous blue-green algae were 
correlated with pH of flooded soils. Similarly, Watanabe 
(4) reported that alkaline conditions are the most favorable 
for the development of blue-green algae inoculated into 
soil. 

Because of the widespread occurrence of acid precipi
tation, the importance of these organisms, and their ex
posed position at the surface on which such rain first in
teracts with soil, a study was conducted to assess whether 
simulated acid precipitation influences algal activity. Tests 
were carried out on two of their most significant activities 
in terrestrial ecosystems, namely nitrogen fixation and CO2 
fixation. 

Methods 
Samples of soil were collected from the Panther, Woods, 

and Sagamore Lake watersheds of the Adirondacks region 
of New York. The pHs of the mineral layers of the surface 
horizons were 4.6, 4.1, and 3.9, and those of the organic 
layers were 4.1, 3.9, and 3.1, respectively. The soils belong 
to the Potsdam-Crary (coarse-loamy, mixed, frigid Typic 
Fragiorthod), Berkshire (coarse-loamy, mixed, frigid Typic 
Fragiorthod), and Adams (sandy, mixed, frigid Typic 
Haplorthods) series, respectively. Properties of the soils 
will be published elsewhere. The organic layer was col-

I Present address: Center for Environmental Studies, Bemidji 
State University, Bemidji, MN 55601. 

lected to a depth of 15 cm, and the mineral layer was from 
a depth of 15 to 40 cm. 

Triplicate I25-g samples of mineral soil were placed in 
pots (IO-cm diameter of top, 10 em high), and 100 g of the 
organic layer was placed above the mineral soil. To enrich 
for algae, we incubated the soil at 23 ± 2 °C at 60% of its 
water-holding capacity under fluorescent lights (75 
I'einstein/(s m2» to maintain 12 h of light per day. After 
21 days, the soil was treated with a total of 50, 100, 200, 
or 300 cm of simulated rain at pH 3.5 or 5.6 in 2, 4, 8, or 
12 weeks, respectively. The simulated rain (327 mL), 
which was formulated as described by Evans and Raynor 
(5) and Cogbill and Likens (6), was applied every second 
day. The soils were kept in the light during the period the 
acid rain was being applied. The solution was adjusted 
to pH 3.5 with 1.0 N HCI and to pH 5.6 with 1.0 N KOH. 
The simulated rain was applied by pouring the solution 
on the soil surface, care being taken to avoid disturbing 
the soil. 

After treating the samples with simulated rain, the pots 
of soil were placed in a closed system. The top portion 
consisted of two sheets of Plexiglas sealed together by 
Rez-N-Bond (Schwartz Chemical Co., Inc., Long Island 
City, NY). The bottom sheet had a hole of ll-em diameter 
to fit the top edge of the pot, and clear silicone was placed 
at the edge of the hole, the silicone solidifying to hold the 
pot to the Plexiglas. The top sheet had a I-cm hole fitted 
with serum stopper. Another sheet of Plexiglas fitted with 
a rubber surface was placed below the pots to provide a 
tight seal. Threaded rods with wing nuts were used to 
force the top and bottom layers close together. After 40 
mL of air was withdrawn, a 40-mL portion of purified 
acetylene (Matheson Scientific, Inc., Bridgeport, NJ) was 
introduced through the serum stopper into the headspace 
over the soil. The final acetylene concentration was 10% 
by volume. 

At the end of each time period, a stream of air was 
introduced into the pots for 2 min to remove the acety
lene-ethylene mixture. The air entered through a tube 
inserted loosely through the hole at the top, the air exiting 
through the same hole. At the end of the incubation period 
in the light, the pots were incubated in the dark for 3, 6, 
and 12 h and then air was passed through the headspace. 
Gas sam~les (5.0 mL) were withdrawn for analysis, and 
the remaining gas was flushed out with a stream of air. 

Gas samples were analyzed by using a Perkin-Elmer 
(Norwalk, CT) gas chromatograph, Model 3920B, fitted 
with a flame ionization detector and a column (100 mm 
X 3.2 mm) packed with Poropak T (100 mesh). Samples 
were analyzed at interface 65.5 °C with H2 at a pressure 
of 20 lb and air at 50-lb pressure. The flow rate of the 
carrier gas, N2, was 40 mL/min. A check was r~.m b! 
adding water to 60% of field capacity to pots of sterile soil 
to obtain the recovery of ethylene. The results were cor
rected for the ethylene impurity in the acetylene. 

After the assays of N2 fixation were completed, the as
similation of CO2 was measured in the same closed system 
and with the same soil samples. The serum stoppers were 
removed and the soils were exposed to air for 2 h before 
conducti~g tests of CO2 fixation. A 25-mL vial was then 
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Table I. Effect of Four Rates of Simulated Rain at pH 3.5 and 5.6 on Acetylene Reduction in Soil 

acetylene reduction (ng of C,H,/(h em' of soil)) 

incubation soil pH of rain o em rain 50 em rain 100 em rain 200 em rain 300 em rain 

Panther 3.5 8.31Ia 7.31 H 6.92 H 5.87 G 5.37 F 
5.6 8.31 C 8.90 C 9.35 D 10.9 D 12.7 E 

light Sagamore 3.5 12.8 G 8.25 F 8.15 F 7.97 F 6.82 E 
5.6 12.8 D 15.1 E 15.9 E 16.4 F 18.6 G 

Woods 3.5 8.93 G 8.59 F 8.51 F 8.08 E 7.65 E 
5.6 8.93 D 9.87 D 10.3 D 13.4 F 15.2 G 

Panther 3.5 4.97 E 3.04 D 2.83 C 2.32 B 2.10 A 
5.6 4.97 A 5.28 A 5.57 A 6 .68 B 9.07 C 

dark Sagamore 3.5 3.50 D 2.18 C 1.98 B 1.93 B 1.77 A 
5.6 3.50 A 10.6 B 11.3 C 13.3 D 15.1 E 

Woods 3.5 3.90 C 4.21 D 3.86 C 3.37 B 2.95 A 
5.6 3.90A 7.98 B 8.54 C 10.5 D 11.9 E 

a Values for a single soil exposed in either dark or light to each pH of rain that are followed by the same letter are not sig-
nificantly different at the 5% level. 

Table II. Effect of Simulated Rain at Two pH Values on the Rate of Carbon Dioxide Assimilation in a 5-h Period 

CO, assimilated (nmol/(h em' of soil)) 

before rain 
soil pH of rain application 50 em of rain 100 em of rain 200 em of rain 300 em of rain 

Panther 3.5 1.60 Da 1.33 C 1.27 C 1.15 B 1.09 A 
5.6 1.60 A 1.75 B 1.96 C 1.92 C 2.16 D 

Sagamore 3.5 1.78 C 1.17 B 1.16 B 1.14 B 0.97 A 
5.6 1.78 A 2.15 B 2.27 B 2.35 C 2.66 D 

Woods 3.5 1.12 D 0.95 C 0.93 C 0.84 B 0.76 A 
5.6 1.12 A 1.41 B 1.47 B 1.56 C 1.81 D 

a Values in anyone row followed by the same letter are not significantly different at the 5% level. 

placed on the soil, and the system was again sealed. Ra
dioactive CO2 was prepared by acidifying NaHl4COa 
(specific activity 57.2 mCi/mmol, Amersham Corp., Ar
lington Heights, IL). An amount of 14C02 equivalent to 
1.0 /lCi was then injected into the closed pot containing 
the test soil. The soils were exposed to light (75 
/leinsteins/(s m2) inside the containers). After 5 h, 4.0 mL 
of 2 N KOH was injected into the vial, and the remaining 
14C02 was absorbed for 12 h by the alkali. The vial was 
removed, its contents were adjusted to pH 2.0 with 2 N 
HCI, and CO2-free air was passed through the liquid to 
flush out the CO2, which was trapped in a series of two 
vials containing 5.0 mL of ethanolamine (scint-analyzed 
grade, Fisher Scientific Co., Fair Lawn, NJ). After 20 min, 
10 mL of scintillator (Aqueous Counting Scintillant, Am
ersham) and 30 mL of methanol (certified electronic grade, 
Fisher) were added to the vial. The solutions were mixed, 
and the radioactivity was counted with a liquid scintillation 
counter (Model LS 7500, Beckman Instruments, Fullerton, 
CA). 

The values presented are the means of single determi
nations of three replicate pots of soil. 

Results 
A determination was made of the nitrogen-fIXing activity 

of these soils after they were incubated in the light but 
before they received simulated rain. The rates of acetylene 
reduction in these forest soils are shown in Table I, and 
the samples are designated as receiving 0 cm of rain. All 
assays for acetylene-reduction activity were made at 3, 6, 
and 12 h, first in the light and then in the dark, but only 
the maximum rates in the 12-h assay period are presented. 
When the soils were placed in the dark, the rates of ni
trogen fixation fell markedly. 

The acetylene reduction was then measured in the soils 
that had been exposed to four rates of simulated rainfall 
at pH 3.5 and 5.6. The pH 3.5 simulated rain markedly 
inhibited nitrogen fixation in all soils as compared with 
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the simulated rain at pH 5.6 (Table I). The reduction in 
rate at pH 3.5 (as compared to pH 5.6) was significant at 
the 5% level at each rainfall intensity, in the light and in 
the dark and in all soils. The inhibitory effect increased 
with increasing amount of pH 3.5 rain applied. Acetylene 
reduction in both the light and dark was inhibited by the 
more acid simulated rain, and the reaction in the dark was 
the more sensitive to the pH 3.5 solution. In contrast with 
the declining rate with greater volume of simulated rain 
at pH 3.5, the rate increased with greater volumes of so
lution at pH 5.6, presumably because of the greater time 
periods for the responsible species to proliferate. 

The rate of CO2 fixation was significantly less (5% 
confidence level) in all soils exposed to simulated rain at 
pH 3.5 than at pH 5.6 and for each quantity of simulated 
rain applied (Table II). The extent of the inhibition 
became more marked with increasing volumes of synthetic 
rain applied to the soil. The increase in CO2-fixing activity 
with time in the soils receiving pH 5.6 rain probably re
sulted from the longer incubation period. 

Discussion 
The rate of nitrogen fixation in the soils that were 

treated with simulated rain at pH 3.5 was significantly less 
than in soils treated with the same solutions at pH 5.6. 
The lowered activity was evident in samples incubated in 
the dark or in the light, although nitrogen fixation in the 
dark was lower than in the light. The inhibition of acet
ylene reduction by simulated acid rain may be simply a 
reflection of the greater hydrogen ion concentration be
cause blue-green algae in solution are sensitive to low pH 
(2), but it could be a result of the greater amounts of 
aluminum or undissociated organic acids at the lower pH, 
both being toxic to at least certain groups of microorgan
isms (7, 8). The greater fixation of nitrogen in the light 
than in the dark suggests that photosynthetic microor
ganisms are responsible for the activity in the light, but 
acetylene reduction in the dark could reflect activity of 
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either blue-green algae or heterotrophic bacteria (9, 10). 
Thus, Jones (11) found that unialgal cultures of Nostoc 
continued to reduce acetylene for several hours after being 
placed in darkness. 

Using a ratio of 3:1 for the ratio of acetylene reduced 
to nitrogen reduced, it is possible to estimate that the 
amount of nitrogen fixed in these forest soils ranged from 
as low as 0.06 g/ (ha h) in the dark to as high as 0.62 g/ (ha 
h) in the light. In contrast, Loftis and Kurtz (12) report 
that up to 1.3 g of nitrogen/(ha h) may be added to the 
soils by blue-green algae. Although these amounts of ni
trogen are small, they still may be important in a forest 
receiving little nitrogen from other sources. In nonforest 
soils, however, in which algae sometimes flourish and fix 
appreciable amounts of nitrogen (13), acid rain may have 
a significant impact on them, especially because the po
sition of the algae at the soil surface places them at the 
site where they do not have the protection from atmos
pheric stresses afforded by soil constituents to the sub
terranean microorganisms. Growth at the soil surface is 
true of the eUkaryotic as well as the prokaryotic algae, and 
hence CO, fixation, organic matter formation, and other 
beneficial actions of the algal community may be signifi
cantly influenced by the prolonged exposure to acid pre
cipitation. Therefore, additional study is required to de
termine whether such possible effects do indeed take place 
in nature. 

The simulated rain was applied at greater rates than are 
normal in the field in order to evalm>.te in short periods 
of time what occurs in nature during a long period of 
exposure. Using higher than natural levels of a potential 
toxicant in laboratory studies to predict long-term effects 
at natural concentrations is a common practice in devel
oping toxicological models to predict epidemiological 
consequences. Although the validity of such an approach 

has often been studied in toxicology, comparable field 
validations at low rainfall intensities have not yet been 
attempted in studies of acid rain. 
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Distribution of Atmospheric Nitrogenous Pollutants at a Los Angeles Area 
Smog Receptor Site 

Daniel Grosjean 

Environmental Research & Technology, Inc., Westlake Village, California 91361 

• An intensive field study of atmospheric nitrogenous 
pollutants was conducted at a Los Angeles area smog re
ceptor site, during selected 1980 air pollution episodes. 
Highest 4-h averaged concentrations were 47 I'g m-3 for 
particulate nitrate (N03-) and 36 I'g m-3 for nitric acid 
(HONO,). HONO, and N03- exhibited opposite diurnal 
variations. The highest peroxyacetyl nitrate (PAN) con
centration recorded was 47 ppb. Methyl nitrate was con
sistently observed at trace levels «5 ppb) with diurnal 
variations closely following those of PAN. Interferences 
due to PAN and to nitric acid were found to result in 
chemiluminescent measurements of NO, significantly ov
erestimated, by as much as 50-60% of the actual NO, 
values. In air masses sampled downwind of the central Los 
Angeles area, emitted oxides of nitrogen have undergone 
significant oxidation, with the products PAN, HONO" and 
N03- accounting for up to 40% of the total nitrogen. Of 
the two important NO. chemical removal pathways, NO. 
- PAN and NO. - HONO, + N03-, PAN formation 
constitutes a major sink for atmospheric NO.. On a ni
trogen basis, PAN accounted for ~60% of the NO. oxi
dation products. 

Introduction 
The transport, transformations, and fate of oxides of 

nitrogen in polluted atmospheres have been the object of 
extensive research, including laboratory investigations 
(1-3) and kinetic computer modeling studies (4,5). Oxides 
of nitrogen (NO.) are removed from the atmosphere by 
physical (e.g., deposition) as well as chemical processes, 
the later including both homogeneous (1-5) and hetero
geneous pathways (6-8). Chemical removal pathways for 
atmospheric NO. lead to the formation of peroxyacetyl 
nitrate (PAN) and nitric acid, respectively, along with trace 
levels of gaseous and particulate organic nitrates and other 
oxygenated nitrogeneous compounds (9). 

Even though the mechanisms of these chemical reactions 
are now reasonably well understood, estimating NO. re
moval rates via chemical pathways in ambient polluted air 
remains a difficult task, due in part to the fact that only 
a few field studies (10, 11) have included measurements 
of NO. and of the oxidation products PAN, nitric acid, and 
particulate nitrate needed for the derivation of removal 
rates (12). In this study we have conducted simultaneous 
measurements of these major nitrogenous pollutants at a 
smog receptor site, Claremont, CA, located ~45 km east 
of Los Angeles. The study period, Sept-{)ct 1980, included 
the most severe photochemical episodes encountered in 
the Los Angeles area during 1980, with several multiday 
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second -stage smog alerts. The results of this study are 
discussed in terms of the relative importance of the NO. 
...... PAN vs. NO ....... nitrate (nitric acid + particulate ni
trate) chemical removal pathways. Other aspects of this 
study discussed here include the sampling of total inor
ganic nitrate, using dual Teflon-nylon filter units, and the 
significant interferences due to PAN and nitric acid when 
performing chemiluminescent measurements of nitrogen 
dioxide in polluted air. A more detailed account of this 
study has been reported elsewhere (13). 

Methods of Procedure 
Oxides of Nitrogen. Measurements of NO, N02, and 

NO. were performed by using a Thermo Electron Corp. 
Model 14 B/E chemiluminescent analyzer calibrated on 
site at the beginning and at the end of the study (five-point 
gas-phase titration, 20 ppm nitric oxide in nitrogen, 
traceable to a National Bureau of Standards cylinder of 
50 ppm in N2 and to a certified nitrogen dioxide per
meation tube). Periodic instrument zero and span checks 
were conducted with ultrapure air and NO gas cylinders, 
respectively (Scott Marrin nitric oxide = 0.43 ± 0.02 ppm). 
In the NO. mode of the instrument, other nitrogenous 
pollutants are converted to NO and thus introduce a 
positive interference in the instrument response to both 
NO. and N02. PAN and nitric acid both produce a 
quantitative interference (14-16) whose importance is 
discussed later in this article. Other interfering species 
include methyl nitrate (CHaON02) and higher alkyl ni
trates (14), but the ambient levels of these compounds are 
generally too low to create a significant interference in 
chemiluminescent NO. measurements. 

Peroxyacetyl nitrate (PAN) is the commonly em
ployed name for ethane peroxoic nitric anhydride, CHaC
(O)OON02 (17). PAN measurements were performed by 
using a modified Varian 1400 gas chromatograph equipped 
with an electron capture detector, an automated 2-cma 

sampling valve operated on a 15-min cycle, and a 6 ft X 
1/8 in. Teflon column, 10% Carbowax 400 on 60/SO mesh 
Chromosorb P operated at 30 °C with nitrogen as carrier 
gas (flow = 40 mL/min). On-site calibrations of the PAN 
gas chromatograph were performed at the beginning and 
at the end of the field study by using a portable PAN 
synthesis and calibration unit. This unit developed in our 
laboratory (18) consists of a photochemical flow reactor 
in which PAN is prepared by chlorine-initiated photo
oxidation of acetaldehyde in the presence of N02 in air 
(19). This unit, which allows for on-site calibration of PAN 
gas chromatographs in the ppb range of PAN concentra
tions directly relevant to ambient levels, is described in 
detail elsewhere (18) and only a brief summary of the 
experimental protocol is given here. The reactant gases, 
chlorine, acetaldehyde, and N02, are provied by permea
tion tubes and irradiated in pure air in a ~ 115 cm long 
X 4.5 cm diameter U-shaped flow reactor surrounded by 
black lights. Synthesis of PAN under these condition is 
qualitatively verified by Fourier transform infrared spec
troscopy. The generator output, which can be varied from 
~2 to ~450 ppb of PAN by dilution, is then quantitated 
by two independent methods, chemiluminescence and ion 
chromatography following alkaline hydrolysis. The alka
line hydrolysis method entails the use of NaOH microim
pingers in which PAN decomposes quantitatively to ace
tate ion, which is in turn measured by using a Dionex 
Model 10 ion chromatograph. In the chemiluminescence 
method, the PAN effluent is directed to a Thermo Electron 
Corp. Model 14 B/E chemiluminescent NO. analyzer 
equipped with a nylon filter, which removes the interferent 
nitric acid. Unreacted N02, if any, is also detected by the 
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chemiluminescent instrument. This potential problem is 
alleviated by performing measurements by difference, i.e., 
with and without quantitative removal of PAN in alkaline 
microimpingers. Output stability, PAN output as a 
function of flow reactor temperature, and efficiency of the 
various trapping devices (nylon filter, alkaline impinger) 
have been established (18). Excellent agreement between 
the two methods has been obtained (18) at PAN concen
trations ranging from ~5 to 450 ppb. 

Teflon and Nylon Filter Sampling. Teflon (Millipore 
Corp. FALP 4700, 1-/Lm pore size) and nylon filters (Ghia 
Corp. No. M8PL, 1-/Lm pore size) were mounted in series 
(Teflon filters upstream) by using 47 mm diameter filter 
holders (Millipore Corp. No. 430400) and multiple holder 
adapters (Millipore Corp. No. 470400). The dual filter 
units were operated by using an automated sequential filter 
sampler (SFS) designed in our laboratory (20). The SFS 
includes a shroud poviding an inlet cutoff of ~ 15 /Lm, a 
modified Bendix Unico 240 cyclone separator with a cutoff 
of ~2.5 /Lm (depending upon flow rate), and a chamber 
housing 13 filter ports arranged in a circular pattern. The 
filter ports are connected to a common pump through a 
system of solenoid valves that allow sequential sampling 
of up to 12 47 mm diameter filters with the 13th filter port 
being used as a field control. Two SFS were employed in 
this study, a standard single-port SFS as described above 
and one dual-port SFS allowing collection of up to six 
consecutive pairs of parallel samples. Both SFS were 
calibrated on site at the beginning and at the end of the 
study and were operated at a flow rate of 20 L min-I. 
Detailed protocols for SFS operations and flow calibration 
are given elsewhere (13). After sampling, Teflon filters 
were placed in petrislides, returned to the laboratory, 
stored at refrigerator temperature, and analyzed within 
a few days. Nylon filters were immersed on site in pyrex 
tubes containing the buffer solution employed for ion 
chromatographic analysis as is described below. 

Nitrate Analysis. Determination of the nitrate col
lected on Teflon and nylon filters was performed by using 
a Dionex Model 10 ion chromatograph. Quality control 
for these analyses included daily calibration with freshly 
prepared KNOa standard solutions, replicate analysis of 
standard solutions and of 10% of the samples, and daily 
analysis of a reference standard (filter strip, 5.50 ~ of NOa-
cm-2) obtained from the U.S. Environmental Protection 
Agency's Environmental Measurement Systems Labora
tory as part of an interlaboratory audit program. 

Field Operations. All field measurements were con
ducted on the roof of the Jacobs Science Center, a four
story building on the Harvey Mudd College campus in 
Claremont, CA, about 45 km east of Los Angeles. NO. and 
PAN analyzers were operated continuously. Filter samples 
were collected on 16 selected smoggy days, Sept 15-17, 19, 
20,22,23, and 25-27 and Oct 1-3, and 7, 8-9,1981. The 
basic sampling unit consisted of a Teflon filter followed 
by a nylon filter as described earlier. Most samples were 
collected for 4 h, but 2-, 3-, and 8-h samples were also 
collected on Oct 8-9, Sept 19-20, and Sept 15-16, re
spectively. 

Operational Definitions for Nitric Acid and Par
ticulate Nitrate. The Teflon and nylon filters employed 
in this study as a stacked unit have been selected for their 
high collection efficiences for particulate nitrate and nitric 
acid, respectively. Teflon filters have been shown to retain 
only negligible amounts of nitric acid and other gaseous 
nitrogenous pollutants over a wide range of laboratory and 
field conditions (21, 22), thus minimizing the possibility 
of positive error (positive "artifact") when sampling pol-



Table!. Summary of PAN and Ozone Maxima 

ozone maxima, ppb 
PAN, Claremont time of 

date max, ppb time of max, PDT Claremonta Fontanab Uplandb max, PDTi 

9/19" 3.5 15:30 90 80 70 15:20 
9/20 9 16:00 160 150 140 16:20 
9/22 13 16:45 190 180 160 16:20 
9/23 19 16:00 210 210 210 15:30 
9/24 30 17:00 330 320 310 16:45 
9/25 23 17:50 360 310 330 17:00 
9/26 31 16:35 350 320 290 16:30 
10/1 31 16:00 400 370 350 16:00 
10/2 44 16:05 460c 420c 440c 16:00 
10/7 44,45,47c 18 :05,18:20,20:50 380 360 350 16:30 
10/8 46 15 :50 380 380 380 15:00 

a 30 min averaged data from Kok and co-workers, Harvey Mudd College, Claremont. b 1-h averaged data from the 
Southern California Air Quality Management District. c Highest values for 1980. d In Claremont. 

luted atmospheres. Nylon filters have not been as exten
sively characterized as Teflon filters, but data available 
to date indicate excellent retention for nitric acid (i5, 16, 
23-26) and negligible retention of potentially interfering 
species such as N02 and PAN (26, 27). However, ther
modynamics considerations (28) and laboratory experi
ments (29, 30) suggest that particulate ammonium nitrate 
deposited on Teflon and other filter materials may ther
mally decompose (negative "artifact"), thus releasing nitric 
acid that will then be collected on the backup nylon filter. 
In addition, particulate nitrate collected on filters may 
react with strong acids during sampling (29, 31, 32), with 
again the evolved nitric acid being collected on the backup 
nylon filter in our sampling unit. The collection efficiency 
of nylon filters for nitric acid and for particulate nitrate 
has been extensively tested in this laboratory (33) by using 
two nylon filters mounted in series and operated in parallel 
with the Teflon-nylon filter units employed in this study, 
as well as by performing parallel measurement with Tef
lon-nylon-nylon VB. nylon-Teflon-nylon filter units. Over 
the wide range of concentrations and conditions studied 
([N03-) = 1-44 /lg m-3, [HON02) = 1-36 /lg, m-3, total 
inorganic nitrate = 5-47 /lg m-3, T = 10-33 °C, humidity 
= 16-99%, and ozone ::5460 ppb), the collection of nylon 
filters was ~97% for both gaseous nitrate (nitric acid) and 
total inorganic nitrate (nitric acid + particulate nitrate). 

In this paper, the terms Teflon filter collected nitrate 
and particulate nitrate are used interchangeably, as are 
nylon filter collected nitrate, gaseous nitrate, and nitric 
acid. Taking into account the possibility of negative ar
tifact, the amount of nitrate measured on the Teflon filters 
may be a lower limit for the actual particulate nitrate 
concentration, while the amount of nitrate measured on 
the backup nylon filters may represent an upper limit of 
the actual nitric acid concentration. Whether negative 
artifact is significant or not, the sum of the Teflon filter 
collected nitrate and the nylon filter collected nitrate 
represents the total atmospheric inorganic nitrate. 

Results 

Concentrations and diurnal profiles for oxides of nitro
gen and PAN are not listed here due to space limitations 
and are available elsewhere (13). Selected NO. and PAN 
profiles are described in the Discussion. The highest PAN 
concentration, 47 ppb, was measured on Oct 7, and other 
PAN maxima are listed in Table I along with the corre
sponding ozone maxima, up to 0.46 ppm, recorded in 
Claremont and in nearby Upland and Fontana. PAN 
maxima in the range 32-51 ppb have been previously re
ported in the Los Angeles area, e.g., in Pasadena (34), 
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Figure 1. Ozone diurnal profiles for downtown Los Angeles, Upland, 
and Palm Springs, Oct 1-2, 1980. 

Claremont (35), and Riverside (36,37) during severe smog 
episodes. 

Teflon filter and nylon filter collected nitrate concen
trations are listed in Table II and have been corrected for 
background nitrate values derived from measurements of 
the nitrate content of the field control samples (1.4 and 
3.2 /lg for Teflon and nylon filters, respectively, which 
translates into ~0.3 and 0.6 /lg m-3 for typical4-h samples 
collected at a flow rate of 20 Lpm). 

Discussion 
Pollutant Diurnal Profiles. A good starting point in 

describing the diurnal variations of the measured nit
rogenous pollutants is to examine ozone transport in the 
Los Angeles area during a typical multiday smog episode. 
This is illustrated for the October 1-2 episode in Figure 
1, which we constructed from Southern California Air 
Quality Management District data. On both days ozone 
reached its maximum before noon in downtown Los An
geles and ~4 h later at the inland smog receptor sites 
including Upland and Claremont. The smog fronts 
reached Palm Springs (~170 km east of Los Angeles) 
before midnight, with averaged transport rates of 14-15 
kmh-l. 

Pollutant variations measured in Claremont were con
sistent with the above transport pattern. Thus, nitric oxide 
exhibited a morning maximum (associated, like carbon 
monooxide, with automobile traffic) while N02 exhibited 
a composite profile including a morning maximum (pho
tochemical conversion of nearby-emitted NO) and a larger 
late afternoon maximum associated with the arrival of the 
smog front from Los Angeles. Diurnal PAN profiles were 
consistent with those expected for a secondary pollutant 
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Table II. Total, Teflon Filter Collected, and Nylon Filter 
Collected Inorganic Nitrate (I'll m-'), Claremont, CA, 
Sept-Oct 1980 

date 

9/15 
9/16 

9/16-17 
9/17 
9/19 

9/19-20 
9/20 

9/22 

9/23 

9/25 

9/26 

9/26-27 
9/27 

1011 

10/1-2 
10/2 

10/2-3 
10/3 

10/7 

10/7-8 

10/9 

time, 
PDT 

16-24 
0-8 
8-16 

18-22 
22-02 

2-6 
8-11 

11-14 
14-17 
17-20 
20-23 
23-2 

2-5 
5-8 
8-11 

16-20 
20-24 
0-4 
4-8 
8-12 

12-16 
8-12 

12-16 
16-20 
20-24 

0-4 
4-8 
9-13 

13-17 
17-21 
21-1 

1-5 
5-9 

10-14 
14-18 
18-22 
22-2 

2-6 
6-10 

10-14 
14-18 
18-22 
22-2 

2-6 
6-10 

10-14 
14-18 
18-22 
22-02 

2-6 
6-10 

10-12 
12-14 
14-16 
16-18 
18-20 
20-22 
22-24 
0-2 
2-4 
4-6 
6-8 
8-10 

a Not determined. 

total 
nitrate 

> 4 .1 
10.2 
22.0 
14.5 
11.7 
21.1 

6.3 
> 1.9 
> 1.7 

6.1 
5.1 

>3.7 
>3.3 

> 11.9 
13.7 

9.9 
7.5 

30.9 
46.9 
32.5 
17.9 
15.4 
20.3 
14.9 
14.0 
16.1 
30.9 
32.1 
22.5 
13.7 

7.5 
18.1 
11.9 

4.5 
13.3 
13.1 
28.5 
25.7 
19.5 
37.3 
23.1 

9.5 
46.9 
26.7 
30.7 
39.3 
27.5 
17.3 
42.0 
17.3 
25.9 
33.9 
21.7 
26.0 
21.8 

5.9 
6.1 

14.6 
24.0 
10.6 

8.5 
12.9 
> 8.7 

Teflon nylon 
filter filter 

(front) (backup) 

ND" 
7.1 
5.9 
2.7 
3.7 
7.5 
2.1 
1.9 
1.7 
3.9 
3.3 
3.7 
3.3 

11.9 
3.5 
5.9 
6 .1 

29.3 
44.3 
11.5 

1.9 
3.3 
2.9 
2.5 
9.8 

11.9 
26.3 

5.5 
1.3 
0.7 
2.1 

13.3 
8.3 
0 .9 
1.3 
1.9 

20.3 
19.5 

6.1 
1.3 
0.7 
1.1 

33.1 
17.3 
14.3 

5.1 
2.1 
2.5 

28.3 
8.3 

10.1 
3.9 
1.9 
1.1 
0.5 
0.5 
3.1 

11.9 
21.7 

8.8 
6.5 

11.3 
ND 

4.1 
3.1 

16.1 
11.8 

8.0 
13.6 

4 .2 
ND 
ND 

2.2 
1.8 

ND 
ND 
ND 
10.2 

4 .0 
1.4 
1.6 
2.6 

21.0 
16.0 
12.1 
17.4 
12.4 

4.2 
4 .2 
4.6 

26.6 
21.2 
13.0 

5.4 
4 .8 
3.6 
3.6 

12.0 
11.2 

8.2 
6.2 

13.4 
36.0 
22.4 

8.4 
13.8 

9.4 
16.4 
34.2 
25.4 
14.8 
14.0 

9.0 
15.8 
30.0 
19.8 
24.9 
21.3 

5.4 
3.0 
2.7 
2.3 
1.8 
2.0 
1.6 
8.7 

Teflonl 
nylon 
ratio 

2.3 
0.37 
0.23 
0.46 
0 .55 
0.50 

1.8 
1.8 

0.34 
1.5 
4 .3 

18.3 
17.0 

0.55 
0.12 
0.27 
0 .17 

0.20 
2.3 
2.8 
5.7 
0 .21 
0.06 
0 .05 
0.39 
2.8 
2.3 
0.25 
0.11 
0.17 
2.5 
3.1 
0.45 
0.04 
0.03 
0.13 
2.4 
1.8 
0.9 
0.15 
0.08 
0.17 
2.0 
0.9 
0 .6 
0.13 
0.10 
0.04 
0.02 
0.1 
1.0 
4.4 
9 .4 
4.9 
3.2 
7.1 

of photochemical origin at a smog receptor site, with late 
afternoon maxima on smog episode days. Thus, PAN and 
ozone exhibited essentially identical diurnal variations 
(Figure 2) but, as noted before (36), PAN-to-ozone con
centration ratios were consistently higher during nighttime. 
Persistence of 10-20 ppb of PAN overnight may accelerate 
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figure 2. DIurnal variations of major nitrogenous pollutants and other 
selected parameters. Claremont. CA. Sept 25-27. 1980. 

smog formation on the following day(s) of a multiday ep
isode (38, 39). 

The gas chromatographic conditions employed for PAN 
measurements during this study are also suitable for the 
determination of several gaseous alkyl nitrates including 
methyl nitrate, CH30N02• A second peak with a retention 
time identical with that of an authentic sample of CH30-
N02 was virtWllly always observed during smog episodes, 
with diurnal variations following closely those of PAN 
(formation mechanisms for CH30N02 in the atmosphere 
include the decomposition of PAN as a major pathway 
(38). Up to ~5 ppb of methyl nitrate were observed in 
Claremont during photochemical smog episodes assuming 
that the instrument response to CH30N02 is approxi
mately the same as that for PAN in our conditions. 

Nitrate Concentrations and Diurnal Variations. 
Total nitrate, Teflon fIlter collected nitrate, and nylon fIlter 
collected nitrate concentrations are listed in Table II. 
Four-hour averaged concentrations ranged from 5 to 47 
p.g m-3 for total nitrate, 1 to 44 p.g m-3 for Teflon filter 
nitrate, and 1 to 36 p.g m-3 for nylon filter nitrate. Two-, 
three-, and eight-hour averaged values were also within 
that range. The abundance of particulate nitrate in Los 
Angeles air, sometimes questioned by other investigators 
in the past on the basis of positive filter artifact consid
erations, is clearly demonstrated here since even our 
maximum measured concentration of 44 p.g m-3 may be a 
lower limit if negative artifact is significant. Our maximum 
value for nylon filter nitrate, 36 p.g m-3, is equivalent to 
~14 ppb nitric acid. Over the entire period studied as 
defined by the sampling schedule given in Table II, the 
average total inorganic nitrate concentration in Claremont 
air was ~20 p.g m-3• Slightly less nitrate was collected as 
particulate nitrate on Teflon filters (average 8 p.g m-3 or 
~42% of the total nitrate) than was collected as gaseous 
nitrate on nylon filters (average 11 p.g m-3, or 58% of the 
total nitrate). 



Table III. PAN and RONO, Interference in NO, 
Measurementa by Chemiluminescence, Claremont, CA, 
Sept-Oct 1980 

date 

9/19 

9/20 
9/22 

9/23 

9/25 

9/26 

9/26-27 
9/27 

10/1-2 

10/7-8 

time, 
PDT 

17-20 
20-23 

8-11 
16-20 
20-24 

0-4 
4-8 
8-12 

12-16 
8-12 

12-16 
16-20 
20-24 
0-4 
4-8 
9-13 

13-17 
17-21 
21-1 

1-5 
5-9 

10-14 
14-18 
18-22 
22-2 

2-6 
6-10 

10-14 
10-14 
14-18 
18-22 
22-2 

2-6 
6-10 

10-14 

un· 
corrected 
NO" ppb 

63 
74 
66 
68 
82 
53 
53 

100 
89 

119 
98 

117 
121 

60 
65 

145 
109 
108 
119 
69 
62 
41 
79 

101 
86 
48 
94 
97 

134 
117 
130 

74 
35 
81 

139 

PAN + 
RONO" 

ppb 

3 
1 
4 

10 
3 
5 
4 

13 
20 

8 
20 
23 
11 
12 
10 
16 
27 
21 
10 
13 
10 

5 
27 
22 
21 
12 

9 
35 
25 
46 
48 
24 
11 
11 
24 

corrected 
NO" ppb 

60 
73 
62 
58 
79 
48 
49 
87 
69 

111 
78 
94 

110 
48 
55 

129 
82 
87 

109 
56 
52 
36 
52 
79 
65 
36 
85 
62 

109 
71 
82 
50 
24 
70 

115 

over
estimate 

of 
corrected 
NO,,% 

6 
2 
7 

18 
4 

10 
8 

15 
29 

7 
25 
24 
10 
24 
18 
13 
33 
24 

9 
22 
19 
14 
52 
28 
32 
33 
11 
56 
23 
65 
58 
48 
46 
16 
21 

Gaseous and particulate nitrate exhibited nearly oppo
site diurnal variations, with concentration ratios ranging 
from 0.02 to 18.3 (Table 11). As is shown in Figure 2 for 
a selected multiday smog episode, Sept 25-27, gaseous 
nitrate exhibited daytime maxima with diurnal profiles 
similar to those of ozone and PAN, in agreement with the 
photochemical origin of these three species. Particulate 
nitrate consistently exhibited nighttime and early morning 
maxima, with low daytime values of a few Ilg m-3• As is 
discussed in detail elsewhere (40), these low daytime values 
for particulate nitrate can to a large extent be explained 
on the basis of thermodynamics (equilibrium) considera
tions for ammonium nitrate, the major component of ni
trate aerosol in Los Angeles air (11). 

Total inorganic nitrate concentrations exhibited com
posite diurnal profiles, with both daytime and nighttime 
maxima. During daytime, most of the nitrate is present 
as nitric acid. The major daytime nitric acid production 
pathway is that involving reaction of nitrogen dioxide with 
the hydroxyl radical (5). For a range of N02 and OH 
concentration of 0.05-0.25 and (1-3) X 10-7 ppm, respec
tively, and with use of literature kinetic data (41), nitric 
acid is produced at a rate of ~5-75 ppb/h. These esti
mated production rates are more than sufficient to account 
for our daytime nitric acid observations. The nighttime 
situation is more complex and probably involves several 
competing nitrate formation mechanisms. The decom
position of PAN in the presence of NO provides a source 
of OH radicals (38), which in turn react with N02 to 

Table IV. Distribution of Major Atmospheric 
Nitrogenous Pollutants, Claremont, CA, Sept-Oct 1980 

ratios, % 

concn, "g N m-' PAN/ PAN + 
time, NO + inorg PAN + nitrate/ 

date PDT NO,' PAN nitrate b nitrate total NC 

9/19 17-20 37 1.5 
20-23 73 0.4 

9/20 8-11 45 0.2 
9/22-23 16-20 35 5.0 

20-24 55 1.5 
0-4 31 2.3 
4-8 47 1.8 
8-12 60 2.9 

12-16 42 7.9 
9/25-27 8-12 93 1. 7 

12-16 46 7.4 
16-20 55 10.2 
20-24 81 5.4 

0-4 31 5.8 
4-8 39 4.6 
9-13 87 3.3 

13-17 49 10.8 
17-21 54 9.3 
21-1 106 4.6 

1-5 40 6.2 
5-9 32 4.8 

10/1-2 10-14 21 2.2 
14-18 31 12.4 
18-22 46 10. 1 
22-2 38 10.2 

2-6 21 5.9 
6-10 66 2.4 

10-14 37 12.3 
10/7-8 10-14 69 7.0 

14-18 43 20.9 
18-22 50 24.2 
22-2 30 11.1 

2-6 15 4.3 
6-10 63 2.6 

10-14 65 9.7 

1.4 
1.1 
3.1 
2.2 
1.7 
7.0 

10.6 
7.3 
4.0 
3.5 
4.6 
3.4 
3.2 
3.6 
7.0 
7.2 
5.1 
3.1 
1.7 
4.1 
2.7 
1.0 
3.0 
3.0 
6.4 
5.8 
4.4 
8.4 
8.9 
6.2 
3.9 
9.5 
3.9 
5.8 
4.2 

52 
27 

6 
69 
47 
25 
15 
28 
66 
33 
62 
75 
63 
62 
40 
31 
68 
75 
73 
60 
64 
69 
80 
77 
61 
50 
35 
59 
44 
77 
86 
54 
52 
31 
70 

7 
2 
7 

17 
6 

23 
21 
14 
22 

5 
21 
20 
10 
23 
23 
11 
25 
18 

6 
20 
19 
13 
33 
22 
30 
36 

9 
36 
19 
39 
36 
40 
35 
12 
18 

a NO, corrected for PAN and RONO, interference. 
b Inorganic nitrate ~ Teflon filter nitrate + nylon filter ni· 
trate. C Total nitrogen ~ NO + NO, + PAN + inorganic 
nitrate, all in "g N mO'. 

produce nitric acid. On the basis of the nighttime PAN 
and NO. levels we measured during multiday episodes, this 
pathway may contribute to the still significant levels of 
nitric acid we observed at night (up to 15 Ilg m-3). The 
heterogeneous hydrolysis of N20 S (formed by the sequence 
0 3 + N02 ~ N03 + O2, N03 + N02 = N20 S) probably 
contributes to nitric acid production in the early evening, 
when high levels of 0 3 and N02, as well as lower sunlight 
intensity (the nitrate radical N03 photolyzes rapidly) are 
conductive to higher levels of N03 (42). Nitrate production 
via heterogeneous pathways involving incorporation of N02 
and HON02 into aqueous aerosols is higher at nighttime 
and at lower temperatures (7, 8). These heterogeneous 
processes are also expected to contribute to the nighttime 
nitrate measured in Claremont air. 

Positive Interference from PAN and HON02 in 
N02 Measurements. As discussed earlier, chemilumi
nescent NO. analyzers respond quantitatively to PAN and 
to nitric acid in the N02 mode of the instrument (14, 16). 
Since both PAN and HON02 are formed in chemical re
actions consuming N02, the possibility for significant in
terference is greatest during severe photochemical episodes. 
This is evident from data in Table III, where PAN, 
HON02, and uncorrected and corrected N02 levels are 
listed for all sampling periods for which these parameters 
were measured simultaneously. On relatively clear days, 
the combined interferences from PAN and HON02 is small 
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figure 3. Ambient NO. levels. Claremoot. CA, Sept 25-27, 1980, with 
and without correction for Interference from PAN and HONO •. 

(e.g., see Sept 19 and 20 in Table IV, iriterference = 2-7%) 
and is probably not significant when compared to the 
combined uncertainties inherent to the measurement 
methods. On smoggy days, however, N02 can be seriously 
overestimated if the response of chemiluminescent in
struments to PAN and HON02 is not taken into account. 
For example, measurements conducted around the clock 
during the Sept 25-27 smog episode show that N02 was 
overestimated by 19% over that 48-h period. Maximum 
N02 overestimates were 33%, 56%, and 65% (4-h aver
ages) during the Sept 25-27, Oct 1-3, and Oct 7-9 smog 
episodes, respectively. As is shown in Figure 3, the in
terference is greatest in the mid and late afternoon when 
both PAN and HON02 are present at high levels (and 
when the contribution of particulate nitrate negative ar
tifact, if any, to the measured nitric acid levels is mini
mum). This significant PAN and HON02 interference 
may have implications for monitoring, modeling, regula
tory, and other issues pertaining to N02 measurements. 

Relative Importance of NO. - PAN and NO. -
Nitrate Atmospheric Reaction Pathways. From the 
simultaneous measurements of NO, N02, PAN, and nitrate 
conducted during this study, additional quantitative in
formation can be gained concerning the transformations 
of atmospheric NO. during photochemical episodes. Listed 
in Table IV are concentrations and concentration ratios 
of the nitrogenous pollutants of interest, Le., NO + N02 
(with N02 corrected for PAN and HON02 interference), 
PAN, and total inorganic nitrate, all expressed in the same 
mass concentration units as nitrogen Vtg of N m-3). Minor 
atmospheric products of NO. oxidation such as methyl 
nitrate, other gaseous alkyl nitrates, and particulate organic 
nitrates are not included. 

Two important observations can be derived from the 
data in Table IV. First, polluted air masses reaching 
Claremont (~4-5 h downwind from downtown Los An
geles (see Figure 1» contain significant amounts of NO. 
oxidation products, with PAN and nitrate accounting for 
up to 40% of the "total nitrogen" (NO + N02 + PAN + 
HON02 + N03-, all expressed in jlf; of N m-3) during smog 
episodes, as compared to only 2-8% on relatively "clean" 
days (e.g., Sept 19 and 20). The 24-h averaged prod
ucts/total nitrogen ratios during multiday smog episodes 
were 17% on Sept 22 and 23 and Sept 25 and 27, 24% on 
Oct 1 and 2, and 30% on Oct 7 and 8. Second, PAN 
constitutes a major sink for atmospheric NO .. accounting 
typically for 30-80% of the NO. oxidation products. On 
a nitrogen basis, PAN was more abundant than inorganic 
nitrate in Claremont air on smoggy days, accounting for 
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~60% of the NO. oxidation products during multiday 
photochemical episodes: 59% on Sept 25 and 27, 57% on 
Oct 7 and 8, and 62% on Oct 1 and 2, during which the 
highest ozone levels for 1980 were recorded. 

Comparison with Other Studies. As mentioned 
earlier in this article, only a limited number of field studies 
conducted in the Los Angeles area have included simul
taneous measurements of the nitrogenous pollutants of 
interest. Grosjean and Friedlander (11) reported PAN / 
N03- ratios of 1.4-4 (/Lg of N m-3 basis) in Pasadena, CA, 
during the July 25, 1973, smog episode. Nitric acid was 
not included. Spicer (10) conducted measurements of 
PAN, HON02, NO .. and particulate nitrate in West Co
vina, CA, in Aug-Sept 1973. One-hour averaged maxima 
were 90-270 ppb for ozone, 3-46 ppb for PAN, and 0-40 
ppb for nitric acid. One-hour averaged PAN + 
HON02/NO + N02 + PAN + HON02 ratios ranged up 
to 54% (ppb basis). Particulate nitrate data were not 
included in these calculations since only 24-h averaged 
values were obtained. Tuazon et al. (35) reported 
PAN /HON02 ratios of 0.3-<l.8 (ppb basis) in Claremont, 
CA, during 1978 smog episodes. Particulate nitrate was 
not measured. More recently, Hanst et aI. (43) reported 
3-12 ppb nitric acid and 3-16 ppb PAN in Los Angeles, 
on June 26-27, 1980, with PAN/HON02 ratios of 0.6-2.2 
(ppb basis). Particulate nitrate was not measured. Thus, 
the results of this study are consistent with those of pre
vious investigations with respect to PAN and HON02 
concentrations, PAN/HON02 ratios, and products/gas
phase nitrogen ratios. Time-resolved products/total ni
trogen ratios have not been presented prior to this work. 
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Aerosol FIHratlon by a Cocurrent Moving Granular Bed: Penetration Theory 
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• A penetration model for aerosol ftitration by a cocurrent 
moving bed of granules has been developed. The model 
incorporates straight-through penetration and reentrain
ment of previously collected dust, the latter due to granule 
motion, both mechanisms having been found significant 
in experiments. The model, an extension of classical clean 
granular bed theory, utilizes the familiar concept of a 
single-granule coefficient for collection and proposes a 
similar coefficient for reentrainment. Reentrainment was 
found in experiments to be a function of particle size and 
other factors such as gas velocity, granule velocity, and the 
extent of intergranular dust deposit. The single-granule 
reentrainment coefficient for moving granules, nR, was 
found to depend upon the product of intergranular dust 
deposit and the square root of dust-particle diameter 
(Kd/12) for particle diameters between 0.16 and 5.5 I'm. 

Introduction 
Granular bed filters are of interest for collection of 

particles from hot gas streams in advanced power-gener
ation systems such as combined cycle coal gasification or 
pressurized fluidized bed coal combustion (1-7). A recent 
review of granular bed ftitration theory and experiments 
is provided by Yung et al. (8). A common feature of 
practical granular-bed ftiters is bed motion for granule 
cleaning and recharge and for control of pressure drop. 

Most previous experiments and theory concerned sta
tionary clean beds. Theoretical prediciion of particle 
collection by granules commonly involves solving equations 
of motion for particle trajectories accounting for collection 
forces and the flow field around an isolated collector. 
Common assumptions include (1) low dust concentration 
in the gas, (2) no dust accumulation on the collectors, and 
(3) complete retention of all particles that contact a col
lector (9). These studies are useful to explain results from 
clean-bed experiments but have not been extended to more 
practical, loaded-bed cases. 

Recent theoretical studies to model loaded granular beds 
by Payatakes et al. (10, 11) and Goren (12) consider en
hanced particle collection by previously captured particles 
as well as reentrainment of collected particles. These 
authors show that hydrodynamic factors affecting particle 
collection by already deposited particles or by dendrites 
near the surface of a granule are complex. Factors affecting 
reentrainment are also poorly understood. However, 
reentrainment in moving granular bed ftitration experi
ments significantly affects overall bed efficiency (7, 13). 
A penetration model for a moving granular bed ftiter must 
account for reentrainment related to granular motion. 

This paper presents a theoretical treatment of particle 
penetration through a cocurrent moving granular bed ftiter 
(CMGBF). The present model explicitly accounts for 
reentrainment as a particle penetration mechanism, in 
addition to penetration due to failure to collect, i.e., pen
etration st raight through. Data are provided that char
acterize the factors affecting reentrainment. 

Penetration Model 
A previous study (13) of CMGBF performance showed 

that some dust penetrates straight through and some 

! To whom correspondence should be addressed at Kennedy / 
Jenks Engineers. 657 Howard Street, San Francisco, CA 94105. 

captured dust is reentrained due to granule motion. 
Furthermore, penetrating dust from these two sources had 
different size distributions. This paper considers these two 
separate penetration mechanisms and discusses a model 
that is an extension of the classical clean granular bed 
filtration model, to which it reduces when reentrainment 
is negligible. 

Mass Balance on the Aerosol." In the CMGBF shown 
in Figure 1, clean granules and dusty gas are added con
tinuously at the bed top, then pass downward cocurrently, 
and exit at the bed bottom. A unique feature of the 
CMGBF is the controlled formation of an intergranular 
dust deposit to ehance filtration of submicron particles. 
A mass balance on the aerosol in the differential volume, 
A dZ, is 

rate in = rate out + accumulation 

QgC = Qg(C + dC) + E - R (1) 

where E = collection rate and R = reentrainment rate. 
Solution of eq 1 requires expressions for the differential 
collection and reentrainment rates. 

Particle Collection Rate. Consider particle collection 
analogous to classical clean-bed theory except that the 
single-granule collection coefficient, 11G, accounts for the 
effect of dust adhering to the granule as well as for the 
granule itself. 

The collection rate, E, can be expressed as the product 
of the cross-sectional area swept clean by these collectors 
and the particle flux through the differential volume: 

7rdG
2/4 Vg 

E = A dZ(1 - <0)--3 -1/GC- (2) 
7rdG /6 < 

In eq 2, the fraction of the differential volume occupied 
by granules is indicated by 1 minus the clean bed porosity, 
'0' The porosity, <, in the flux expression is the effective 
porosity accounting for reduced voidage due to the in
tergranular dust deposit. The superficial gas velocity, Vg, 

divided by the effective porosity, <, is the interstitial gas 
velocity. Equation 2 is developed by assuming particle 
collection in the dirty bed remains related to the granules, 
that is, complete "cake filtration" does not occur here as 
it would if all void space were entirely dust filled. 

Particle Reentrainment Rate. Consider a particle 
reentrainment rate, R, based on removal of dust already 
collected and adhering to the granule surface. The ex
pression for the mass of collected dust in the differential 
volume is 

m = spp~ dZ (3) 

where Pp = dust particle density (kg/m3) and sp = solidity 
of dust deposit (volume of dust/volume of bed, dimen
sionless). 

Next define a gas parcel as the gas volume equivalent 
to the volume of a single granule. The number of gas 
parcels per second passing each granule is given by 

'/rdG
2/4 Vg 

N=--- (4) 
7rdG

3/6 < 

A dimensionless single-granule reentrainment coefficient, 
11R, will now be defined as the fraction of all dust adhering 
to a single granule that is reentrained from that granule 
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figure 1. Schematic diagram 01 CMGBF. 

by a single gas parcel passing it. The reentrainment rate 
in the differential volume is the product of eq 3, 4, and the 
single-granule reentrainment coefficient: 

3 VI 
R = 2 EdG'IRSpppA dZ (5) 

Substituting eq 2 and 5 into eq 1 gives an expression for 
the Il!ass balance on the aerosol: 

3 dZ 
dC = - 2 Ed

G 
[(1 - Eo)'IGC - Sppp'l!tl (6) 

Before eq 6 can be integrated across the depth, Z, of the 
bed, an expression for sp in terms of dust concentration, 
C, is required. 

Mass Balance at Steady State. The CMGBF is de
signed for continuous operation, and at steady state all 
dust that enters the bed must leave in the aerosol stream 
or on the granules. With the assumption that dust entering 
on the granules is negligible, a maas balance at steady state 
on total dust in the aerosol and on the granules yields 

QICj = QIC + QGsppp/ (1 - Eo) (7) 

Solving eq 7 for sp produces 

sp = QI(Cj - C)(1 - Eo)/(QGPp) 

where Cj = entering aerosol concentration (kg/ma). 
stituting eq 8 into eq 6 yields 

3(1 - Eo) [ ( Q, ) QI ] 
dC = -~ C 'IG + 'IRQG - 'IRCjQG dZ 

Integration of eq 9 yields 

Co { QI [ 3 1 - Eo Z ( Pt = - = 'IR- + 'IG exp -- -- - 'IG + 
Cj QG 2 E dG 

'IR::) ]}/{'IG+'IR::} 

(8) 

Sub-

(9) 

(10) 

This is the theoretical expression for steady-state particle 
collection and reentrainment in a cocurrent moving gran
ular bed filter operating under the conditions of a con
tinuous dust feed rate at constant concentration. These 
assumptions are appropriate for the CMGBF operating in 

a continuous mode with a steady-state dust deposit. It 
cannot be used if the inlet concentration varies signifi
cantly or is zero. Equation 10 does not describe transient 
responses such as initial deposit buildup or deposit dete
rioration when the dust feed stops. 

Equation 10, which is general, can be applied to particle 
collection in any cocurrent moving granular bed, whether 
collected particles reentrain or not. If no reentrainment 
occurs ('1R -+ 0), eq 10 reduces to the classical granular bed 
penetration equation (4, 14, 15): 

[ 31-EoZ] Pt -+Q = exp -- -- -'IG 
"" 2 E dG 

(11) 

For a demonstration of the effect of reentrainment on 
bed performance, consider the situation when the bed is 
very deep, i.e., Z -+ "'; in this case 

'IR QI/[ 'IR QI] Ptz_~ = -;; QG 1 + -;; Q
G 

(12) 

Even if particles are collected efficiently, i.e., 'IG -+ I, 
significant penetration may occur if reentrainment is im
portant, 'IR > O. 

Discussion of Theory 
Effective Porosity. In the integration of eq 9, it was 

assumed that the effective porosity, E, is independent of 
bed depth. This approximation is valid when the 
steady-state dust deposit is established near the bed sur
face so that it does not vary appreciably throughout the 
bed depth. For the experimental operating conditions 
described below, pressure-drop data at intermediate bed 
depths indicated that a stable deposit was formed within 
2 or 3 cm of the bed surface in 13-cm deep beds. 

One of the unique features of the CMGBF is its ability 
to function as a "graded media" filter, i.e., larger dust 
particles are collected on clean granules at the bed surface 
while smaller particles are collected within the bed pores 
by an increasingly dense dust deposit. An optimal 
CMGBF design may be one in which graded media fil
tration is achieved throughout the bed depth. However, 
some depth of a uniform dust deposit appears desirable 
to collect submicron particles that might otherwise pene
trate, but an excessively deep bed may result only in 
pressure drop and reentrainment penalties. As demon
strated previously (13), the CMGBF can provide high 
collection efficiency with a shallow bed; however, particle 
reentrainment must be controlled to maintain low overall 
penetration. 

For the steady-state dust deposits achieved in our ex
periments, the solidity of the dust, sp' was less than 0.04, 
i.e., more than 90% of the clean-bed void space remained 
open. However, the effective porosity, E, may be estimated 
by 

E = Eo - sppp/ Pbp (13) 

where sp = solidity of dust deposit (dimensionless), Pp = 
dust particle density (kg/ma), and Pbp = loose bulk density 
of dust (kg/ma). Equation 13 reflects the fact that, due 
to higher resistance to airflow through the dust deposit, 
essentially all gas flow occurs through the dust-free void 
space between granules. Equation 13 can be used to es
timate the effective porosity, E, utilized in eq 10. 

Factors Affecting Reentrainment. Although many 
theories are available to describe clean-granule efficiency, 
no adequate theories are presently available to predict the 
single-dirty-granule efficiency, 'IG, or to predict the sin
gle-granule reentrainment coefficient, 'IR' As a first ap-
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proximation, a lower bound for efficiency of the condi
tioned granule, lIG, might be calculated frOJll theory for 
clean, unconditioned granules. Reentrainment should 
depend upon the ratio of separation force to adhesion force 
for particle-to-granule and particle-to-particle interactions. 
A review of the literature suggests that these forces, for 
other than the most simple configurations, are poorly 
understood and cannot be predicted accurately. 

Adhesion forces include van der Waals, electrostatic, and 
surface tension capillary forces. As humidity increases, 
capillary forces become more singificant and electrostatic 
charges leak away. In general, adhesive forces increase 
with particle size (16). Com (17) gave expressions for van 
der Waals forces and capillary forces acting between a 
spherical particle and a surface that show that these forces 
are directly proportional to particle diameter. 

Separation forces should be related to air drag and 
mechanical shear, the latter caused by granule slippage. 
For small particles in the Stokes region suspended in air, 
drag force is proportional to particle diameter. Thus, the 
ratio of separation force to adhesion force, were only simple 
Stokes drag to apply, would be independent of particle size. 
However, because particles are attached to granules or 
other particles, the flow fields around attached particles 
are complex, as a velocity gradient exists near a granule's 
surface. Fuchs (18) indicated that two attached particles 
in a velocity gradient experience a separation force related 
to the second power of particle diameter. Goren and 
O'Neill (19) determined the drag force on a particle atta
ched to a granule (dp « da) from solution of Stokes 
equations accounting for the velocity gradient near the 
granule's surface. If a linear shear flow is assumed, drag 
force is again found proportional to the square of particle 
diameter. Consideration of the latter two relationships for 
separation force suggests that reentrainment, as defined 
by the ratio of air-drag separation force to adhesion force, 
should be proportional to the first power of particle di
ameter. Theoretical considerations, therefore, suggest that 
reentrainment related to air drag may depend on particle 
diameter raised to some power between 0 and 1. 

However, experiments with a CMGBF, as reported 
previously (13), indicated simple air drag in a stationary 
bed loaded with dust did not produce significant reen
trainment. At the controlled steady-state dust loadings 
in these experiments, the CMGBF was not at the 
·saturation point" as described by Taub (20). Significant 
reentrainment from the CMGBF occurred only when the 
bed was moving. Thus, reentrainment from the CMGBF, 
on a microscale, appears to involve shear forces associated 
with granule motion that overcome particle adhesion forces 
and facilitate res us pension of separated particles by air 
drag. 

Analyses of the distribution of forces in moving granular 
beds as developed for applications such as fluid catalytic 
crackers, pebble heaters, and crystal washers appear ap
plicable to the CMGBF as well. Delaplaine (21) studied 
forces acting in granular solids flowing downward under 
the influence of gravity, and Brandt and Johnson (22) 
extended this one-dimensional flow model to include 
stresses included by interstitial flow. A two-dimensional 
model accounting for interstitial flow axially and tran
sversely toward exit screens was developed by Grossman 
(23). These theoretical developments involve solution of 
elemental force balances for three normal (compressive) 
stresses and six shear stressed by using appropriate as
sumptions. 

General conclusions from these studies are that pressure 
drop from fluid flow can be incorporated as an additional 
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body force similar to gravity. Stress is distributed by 
granule-to-granule friction, and no equilibrium shear stress 
can exist greater than that determined by internal bed 
friction. If the ratio of shear to normal stresses at a lo
cation becomes equal to or greater than the coefficient of 
internal friction, slippage will occur, and a new stress 
distribution will develop. For the cocurrent mode, equi
librium stresses, including shear, increase with bed depth, 
pressure drop, granular bulk density, and column diameter 
to an asymptotic value which is independent of depth in 
deep beds, Z/D > 5 according to Delaplaine (21). 

Delaplaine (21) found, in experiments with glass beads 
or sand flowing in tubes with tube-to-granule diameter 
ratios greater than 20, that approximately 80% of the bed 
cross-sectional area in the central core flowed in a cohesive, 
rodlike manner, and shear occurred in the outer 20% of 
the flowing bed. Toyama (24) observed similar flow regions 
in a glass-front rectangular bed by using layers of different 
colored granules and reported that the shear region at the 
wall was 4-8 granule diameters thick. Grossman (23) 
showed calculated shear stress profiles at various bed 
depths and radical positions that indicate maximum shear 
stress at the wall and rapidly decreasing shear stress away 
from the wall, particularly for shallow beds (Z/D < 2). 
According to Grossman (23), shear stress at the wall in
creases with the wall friction coefficient, Jl', and decreases 
with the internal friction coefficient, Jl. The coefficient 
of friction at the wall, Jl', was not found to be a function 
of bed velocity or granule size in Delaplaine's experiments 
with dry systems and no interstitial fluid flow. Brandt and 
Johnson (22) found a slight increase, about 25%, in Jl' over 
a bed velocity range of 0-5 mm/s (30 em/min) for 20-40 
mesh ion-exchange resin in a lucite tube with cocurrent 
water flow, the Jl' was independent of the relative fluid 
velocity through the bed. 

These studies suggest that within the CMGBF there 
exist axial and radial distributions of compressive and 
shear forces acting on the granules and adhering dust. It 
is likely that the presence of dust on the granules alters 
the friction coefficients Jl and Jl' compared to clean granule 
friction coefficients. Within the plug-flow portion of the 
bed, the dust layer on a granule may be stable and perhaps 
compacted. However, near the wall, shear stresses become 
large and cause granule slippage. If, at the onset of slip
page, the shear forces overcome particle adhesion forces, 
particles will separate and may be resuspended by in
terstitial gas flow. On this basis, the reentrainment 
coefficient, lIR' should increase in conjunction with factors 
that increase shear stress within the bed such as bed depth 
(Z/D < 5), granular bulk density, column diameter, and 
pressure drop from cocurrent fluid flow. The maximum 
shear stresses that can develop will depend on the friction 
coefficients, Jl and Jl', which in turn are influenced by the 
presence of the dust and must be determined empirically. 

Temperature Effects. The single-granule collection 
coefficient, lIa, and the single-granule reentrainment 
coefficient, lIR' contain the functional relationships with 
respect to particle size, gas velocity, and other factors 
including temperture. The predicted trends of particle 
collection at temperatures different from ambient can be 
estimated by inspection of the temperature-dependent 
terms in the single-granule collection coefficients for im
paction, diffusion, and sedimentation. In general, high 
temperature is expected to reduce the collection efficiency 
for particles larger than a few tenths of a micron in diam
eter. Adhesion and drag forces that affect particle reen
trainment also change at elevated temperatures. For ex
ample, capillary force will decrease at high temperatures, 



Table 1. Experimental Conditions 

block I block II block III 

run no. KO VG b VC , run no. KO VGb VC , run no. KO VG b VC g 

18 1.3 0.026 261 13 1.3 0.026 139 4 0.5 0.037 200 
17 3.7 0.026 139 12 3.7 0.026 261 6 4.5 0.037 200 
16 1.3 0.049 139 9 1.3 0.049 261 3 2.5 0.019 200 
20 3.7 0.049 261 11 3.7 0.049 139 7 2.5 0.056 200 
15 2.5 0.037 200 14 2.5 0.037 200 2 2.5 0.037 100 
19 2.5 0.037 200 10 2.5 0.037 200 1 2.5 0.037 300 

5 2.5 0.037 200 
8 2.5 0.037 200 

° K = intergranular dust deposit ratio ('Yo by weight). b VG = granule velocity (mm/s). c V, = superficial gas velocity 
(mm/s ) (bed depth = 130 mm and granule diameter = 2.1 mm for all runs). 

and air drag will increase for particles large than a few 
tenths of a micron in diameter. However, ash particles may 
become sticky and thereby reduce reentrainment. The 
proposed single-granule coefficients should be useful to 
correlate results of empirical studies to characterize se
lected dust-granule systems at elevated temperatures. 

Experimental Section 

Experiments were performed to quantify the coefficients 
'1G and '1R in eq 10 and to investigate the functional rela
tionship of factors affecting reentrainment. 

The CMGBF consisted of three gas-tight sections: a 
granule storage bin, a 203-mm diameter bed column, and 
a granule control mechanism. Granules flowed by gravity 
downward through the column, cocurrently with the gas 
flow. Cleaned gas exited through a circumferential gas-exit 
screen located below the active filtering porition of the 
CMGBF. High density (PG = 3250 kg/rna) alumina gran
ules with a diameter of average mass of 2.1 mm were used 
for all runs. All runs were at ambient temperature and 
pressure. The experimental apparatus is described in 
detail elsewhere (25). 

The test aerosol was electrostatically precipitated fly ash 
from a utility boiler fired with pulverized coal. The fly ash 
was resuspended by an NBS dust feeder (26) and had a 
count median diameter of 0.3 I'm. Samples for particle 
size analysis were isokinetically collected on Nuclepore 
filters. Photomicrographs were obtained by scanning 
electron microscope (SEM), and particles were sized and 
counted with a Zeiss MOP image analyzer. 

Twenty runs with the CMGBF were conducted in a 
·central composite design" experiment (27) with three 
control variables: V" superficial gas velocity; V G, granule 
velocity; K, the ratio of collected dust mass to granule mass 
within the conditioned bed at steady state. The nominal 
factor levels are shown in Table I. All experiments de
scribed here were conducted at constant bed depth and 
granule size; effects of these factors were reported in a 
previous paper (J 3). 

The weight ratio, K, is an experimental surrogate for the 
dust solidity within the bed, sp. The relationship between 
these variables is 

(14) 

where sp = dust solidity (dimensionless), Eo = porosity of 
clean bed (dimensionless), PG = granule density (kg/rna), 
Pp = dust particle density (kg/rna), and K = ratio of dust 
mass collected to granule mass in the bed (kg/kg). Al
though dust solidity within the bed, sp' could not be 
measured directly, ratio K could be measured and used to 
calculate sp through eq 14. 

A series of end-of-run penetration measurements were 
conducted to identify the significance of penetration 

mechanisms including (A) straight-through penetration, 
(B) air scouring, and (C) reentrainment caused by granular 
motion. After the normal penetration measurements were 
completed, bed motion was stopped and penetration was 
immediately measured again. This dust-on/bed-stopped 
situation measured the penetration straight through the 
loaded bed. Next the dust feeder was stopped and the 
downstream concentration was determined with the bed 
still motionless to measure the effect of the air scouring 
at the superficial gas velocity of the run. Finally the bed 
motion was restarted but with no dust fed. This dust
off/bed-moving situation allowed sampling of the dust 
initially collected but subsequently reentrained froJ.ll the 
loaded bed as the result of granular motion. . 

Mass penetration and pressure drop data for all runs 
shown in Table I are reported elsewhere (25). 

Penetration data by count in particle size categories 
between 0.08 and 7.3 /Lm were obtained for runs 1-9. 
Fractional penetration data were obtained for these nine 
runs for the conditions of (1) an initial clean moving bed 
when dust feed began, (2) a normal cocurrent steady-state 
bed at the end of at least two bed volume replacements, 
and (3) straight-through penetration of the stationary 
loaded bed. Particle size distributions were also obtained 
for these nine runs for the particles reentrained from the 
moving bed when dust feed had stopped. Particle size 
information obtained from runs in block III allows com
parison of the effect of each control variable at its extreme 
and center-point conditions. Center point conditions are 
replicated for error determination. 

Average fractional penetration data for runs 1-9 are 
shown in Figure 2 for the moving and stationary loaded 
bed cases. Penetration in the submicron range was ap
proximately the same whether the loaded bed was moving 
or not; however, penetration in the larger particle sizes was 
clearly greater when the loaded bed was moving. The 
relatively greater variability in the penetration data for the 
normal moving bed is due to the influence of control 
variables, other than particle size, not separated in this 
crude average but discussed below. Straight through 
penetration was influenced much less by these factors, as 
indicated by reduced variability in the lower curve in 
Figure 2. 

Particle size data from the photomicrographs clearly 
showed that the reentrained particles were larger than the 
particles penetrating straight through the stationry loaded 
bed. Very small particles (approximately less than 0.3/Lm) 
were not found on the photomicrographs of reentrained 
particles, suggesting that small particles were not reen
trained. 

Although agglomerates were present in the reentrained 
particles as observed on SEM photomicrographs, the 
proportion of agglomerates in any size category was not 
significantly different from the proportion of agglomerates 
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Flgur.2. Average penetration vs. pertlcle size for runs 1-9. 

in the same size category either upstream of the CMGBF 
or in the particles penetrating straight through. The fly 
ash was well combusted and consisted of glassy spheres, 
which normally do not agglomerate appreciably. Thus, it 
appears that most particles penetrated or were reentrained 
without significant additional agglomeration. 

Evaluation of Single Granule Reentrainment 
Coefficient 

Reentrainment due to granular motion is exemplified 
by the difference between penetration when the bed is 
operating normally and straight-through penetration im
mediately after the bed is stopped. The increased pene
tration due to reentrainment in larger particle sizes can 
be seen in Figure 2. These fractional penetration data were 
used to quantify the reentrainment coefficient in the 
CMGBF penetration model. 

Equation 10 with I7R = 0 was used to calculate the single 
dirty-granule collection coefficient, '7G, from the straight 
through penetration data in different particle size cate
gories. The empirical collection coefficient, '7G, calculated 
in this fashion may contain the effects of simple air 
scouring, bounce, and reentrainment of particles unrelated 
to granular motion. On an overall mass penetration basis, 
simple air scouring of particles from the loaded, stationary 
bed was negligible. 

The effective porosity of the bed E, accounting for the 
intergranular dust deposit, was estimated from eq 13. For 
alumina granules, PbG was found to be 1950 kg/ m3 by 
Happel's slow inversion technique (28). Loose bulk density 
of the fly ash, Pbp, was similarly measured as 900 kg/m3• 

With values of '7G, E, and bed geometry, the single
granule reentrainment coefficient, '7R, was obtained from 
the CMGBF penetration model, eq 10, by using penetra
tion data for the bed under normal operating conditions. 
Calculated values of '7R for the nine runs with alumina 
granules are presented in Table II. Calculated values of 
I7R range approximately from 0 to 10-'. For this calculation, 
a negative value of I7R occurs when the penetration straight 
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Table II. Calculated Single-Granule Reentrainment 
Coefficient, TlR (Listed Values Are TlR X 10')" 

part icle diameter, )lm (midpoin t ) 

0.08- 0.23- 0.46- 0.91- 1.83- 3.66-
run 0.23 0.46 0.91 1.83 3.66 7.31 
no. (0.16 ) (0.35) (0 .69 ) (1.4 ) (2.7 ) (5.5 ) 

1 1.31 - 13.4 - 2. 50 3.64 1.46 11.4 
2 9.61 -7.99 - 21.3 2.63 30.7 58.3b 

3 14 .9 - 8.01 9.73 28.7 24.7 91.6b 
4 5.61 2.47 2.18 - 8.46 18.8 19.5 
5 2.15 - 6 .5 7 - 4.56 3.66 19.9 52.7 
6 47 .3 3.97 80.9 88.3 82.9 37.9 
7 49.1 22.0 18. 6 82.1 49.0 45.8 
8 22 .3 15.5 8. 73 40.9 58.0 20.7 
9 0 .0 - 3.42 9.71 13.6 33.3 64.0 
av 16 .9 0.51 11 .3 28.3 35.4 36.0 
SE 6 .4 3. 9 9. 5 11.8 8.1 7. 4 

a Co nditio ns: <0 = 0.4; e = eq 3 ; P bG = 1950 kg/m' ; 
P bp = 900 kg/m'; dG = 2.1 mm (alumina). b Penetrat ion 
s traight through = 0, and Tl R was estimated but not includ-
ed in averages or regression. 

through the stationary, loaded bed exceeds the penetrtion 
in the moving bed case. As shown in Table II, negative 
values occurred for small particles where measurement 
errors for the two penetration measurements overlap. 

Table II shows the mean values of '7R as a function of 
particle size, again ignoring the effect of other variables. 
The reentrainment coefficient increases with particle di
ameter and appears to approach zero for particles roughly 
0.3 I'm in diameter. This approach to zero reentrainment 
is indicated in Table II by calculated zero or negative 
values of '7R in the submircon range. 

The anomalously high value of I7R in the smallest particle 
size category in Table II suggests that particles leBS than 
0.23 I'm in diameter were reentrained, but this appears to 
be an artifact of the calculation procedure which assumes 
the difference between normal penetration and straight
through penetration is due solely to reentrainment. 



Photomicrographs of particles reentrained from moving 
loaded beds, after dust feed had ceased, show a complete 
absence of very small particles approximately less than 0.3 
I'm. It is more likely that these small particles penetrate 
fissures or other flow paths in the moving bed under 
normal operating conditions and that these fissures quickly 
seal when bed motion ceases. Thus, actual straight
through penetration of these very small particles may have 
been underestimated during the stationary bed tests. 

In addition to particle size, the effects on I1R of the in
tergranular dust deposit weight ratio, K, gas velocity, V" 
and granule velocity, VG, were investigated by multiple 
regression. The resulting equation for prediction of I1R for 
moving alumina granules is 

I1R = (-23.2 + 6.56Kdp
l / 2 - 1.22[(Vg/100)2 - 4]2 + 

849VG)/10s (15) 

where I1R = single-granule reentrainment coefficient (di
mensionless), K = intergranular dust deposit weight ratio 
(percent by weight on granules), d" = particle diameter 
<I'm), V, = superficial gas velocity \mm/s), VG = granule 
velocity (mm/s). The squared multiple correlation coef
ficient, R2, for eq 15, is 49%, and all coefficients except 
the intercept are highly significant (P < 0.01). Standarized 
residuals were approximately normally distributed. 

The most significant term in 15 with respect to percent 
of variance explained is the product Kdp 1/2, indicating a 
positive interaction between K and dp

l / 2• Equation 15 
tends to underpredict '1R at the highest K values, sug
gesting a stronger than linear trend with K, but the present 
data are insufficient to resolve a more complex form. 
Reentrainment increases with particle diameter but shows 
a trend more complex than the linear one suggested earlier 
by theoretical consideration of the ratio of simple air drag 
to adhesion forces. 

The second term in eq 15 indicates a parabolic function 
for superficial gas velocity with reentrainment first in
creasing with gas velocity but then decreasing at the 
highest gas velocity. Run 1 suggests such a reduction in 
reentrainment at high gas velocity, which may be explained 
by greater removal of reentrained particles by subsequent 
impaction on other collectors. 

Finally, granule velocity is seen to have a positive effect 
on reentrainment in the form of an incremental increase 
in '1R in the various particle sizes. 

AI!. defined here, reentrainment depends on granule 
motion. For a CMGBF with circumferential screen g8ll 
outlet, factors affecting intergranule shear at the wall 
should also strongly affect reentrainment; for example, 
increases in bed depth, granular bulk density, column 
diameter, and fluid pressure drop should all increase 
reentrainment. However, variations in these factors were 
not examined in the present study. A previous study 
demonstrated increased reentrainment with increased bed 
depth (13) as anticipated by this analysis. Equation 15, 
the regression equation describing reentrainment, considers 
the effect of other variables perhaps more closely related 
to resuspension of dust freed from granules by wall shear, 
rather than freeing of the dust from the granules in the 
first place. 

These results show that reentrainment of collected dust 
strongly affects penetration in a CMGBF with a circum
ferential screen gas outlet as tested here. Alternate gas 
outlet designs such as that used by Rudnick and First (29) . 
or one incorporating a sheath of clean granules at the gas 
exist zone that minimize the intergranular dust deposit and 
granule shear at the gas outlet should minimize reen
trainment and reduce overall penetration appreciably. 

Although the values of the single-granule reentrainment 
coefficient, '1R, predicted by eq 15 are specific for the 
CMGBF apparatus described previously, trends with op
erating variables should be generalizable to other granular 
bed designs. Also, the penetration model, eq 10, is ap
plicable to other CMGBF configurations and should be 
useful in correlating experimental results. 

Summary 
A penetration model for aerosol filtration by a cocurrent 

moving bed of granules has been developed. The model 
incorporates straight-through penetration and reentrain
ment of previously collected dust due to granule motion, 
both mechanisms having been found to be significant in 
experiments. The model, an extension of classical clean
granular-bed theory, utilizes the familiar concept of a 
single-granule coefficient for collection and proposes a 
similar coefficient for reentrainment. 

Experiments have confirmed the ability of the cocurrent 
moving granular bed filter to operate in a continuous mode 
and to enhance submicron particle filtration by the con
trolled formation of an intergranular dust deposit. 
Reentrainment was found to be a function of particle size 
and other factors such as gas velocity, granule velocity, and 
the extent of intergranular dust deposit. The single 
granule reentrainment coefficient, '1R, was found to depend 
upon the product of intergranular dust deposit and the 
square root of particle diameter (Kdp 1/2) for particle di
ameters between 0.16 and 5.5 I'm. 

Further experiments are needed to develop a predictive 
relationship for the single-granule reentrainment coeffi
cient as a function of dimensionless groups in the manner 
of the classical single-granule collection coefficients. 
Trends concerning reentrainment due to granule motion 
identified in this work may also be useful for other prac
tical collectors in which intergranular dust deposits pre
clude modeling by conventional clean bed theory. 

Glossary 
A 

N 

'1G 

'1R 

cross-sectional bed area perpendicular to gas and 
granule flow, m2 

particle concentration in gas stream, kg/m3 

particle concentration in gas stream inlet, kg/ m3 

particle concentration in gas stream outlet, kg/m3 

bed diameter, m 
mass ratio of dust in bed, % by wt 
mass of collected dust in the differential volume, 

kg 
number of gas parcels per second passing each 

granule, S-I 

(Co/Cj ) x 100, % 
gas volumetric flow rate, m3/ s 
granule volumetric flow rate, m3 / s 
superficial gas velocity, mm/s 
granular velocity, mm/s 
granular mass flow rate, g/min 
bed height, m 
differential bed depth, m 
granule diameter, m 
particle diameter, I'm 
solidity of dust deposit, dimensionless 
clean-bed porosity, fraction 
loaded-bed porosity, fraction 
particle density, kg/m3 

granule density, kg/m3 

loose bulk density of granules, k~/ m3 

loose bulk density of dust, kg/m 
single-clean-granule collection coefficient, dimen-

sionless 
single-dirty-granule collection coefficient, dimen

sionless 
single-dirty-granule reentrainment coefficient, di

mensionless 

Environ. Sci. Technol., Vol. 17, No. 1, 1983 25 



Environ. Sci. Techno(. 11183, 17, 26-31 

p. internal coefficient of friction, dimensionless 
p.' coefficient of friction at the wall, dimensionless 
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Factors Affecting the Soluble-Suspended Distribution of Strontium-90 and 
Ceslum-137 in Dardanelle Reservoir, Arkansas 

David M. ChlHenden II 

Department of Chemistry, Arkansas State University, State University, Arkansas 72467 

• The variations of the concentrations of OOSr and 137CS 
at four stations in Dardanelle Reservoir were analyzed as 
functions of two parameters: concentration of ionic species 
and the activity released, A" from the two 9OO-MW re
actors that use the reservoir as a source of cooling water. 
Multiple regression analyses were performed on the ra
dionuclide concentrations by using the two parameters as 
predictors. The analyses indicated that OOSr is in a state 
of equilibrium between the solution and the suspended 
sediment. The position of the equilibrium was found to 
be quite sensitive to changes in the concentration of al
kaline earth cations, M(II). Thus, the concentration of 
M(II) has a substantial effect on the removal of OOSr from 
the water column. The 137CS concentration varied as A" 
indicating that solution-sediment equilibrium has not been 
attained. 

Introduction 

The behavior of fission-produced radionuclides in the 
aquatic environment has been extensively studied since 
the time of the first nuclear weapons tests. Of great con
cern lately has been the interaction of dissolved radionu
clides with clay minerals. This interaction is of great im
portance in the study of the fate of radionuclides released 

from power reactors and in studies of the geological storage 
of nuclear wastes. These studies can be classified according 
to the nature of the aqueous medium: solutions of high 
ionic strength containing relatively large amounts of ra
dionuclides used in laboratory studies with processed clay 
minerals; marine and estuarine water; fresh water from 
lakes and rivers. In the latter two categories, the clay 
minerals are constituents of suspended or bottom sedi
menta. 

Laboratory studies of the distribution of l37Cs and 90Sr 
between solutions of high ionic strength and clay minerals, 
with an eye toward geological storage of nuclear waste, 
have been reviewed and described by Erickson (1) and 
Shiao et al. (2). It was found (2) that the distribution 
coefficient, D, of trace amounta of Sr(II) between a 
montmorillonite, pretreated to be completely of the Ca 
form, and a solution of Ca(ll) could be expressed by the 
equation 

log D = -log [Ca(l!)) + k k = constant (1) 

where [Ca(l!)) was the concentration of Ca(ll) in solution. 
The distribution coefficient for trace Cs(!) was expressed 
as 

log D = -0.5 log [Ca(ll)) + k ' k' = constant 
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These relationships would be expected for either an ion
exchange or an adsorption equilibrium. 

These phenomena can also be observed in natural 
waters. Noshkin and Bowen (3) have shown that while Pu 
appears to be removed from seawater by association with 
sinking particles, 137CS and !IOSr remain in the water phase. 
Since some of these nuclides entered the marine environ
ment associated with particulate matter, desorption due 
to increased ionic strength must be possible. The rever
sibility of the adsorption of 65Zn and MMn has been dem
onstrated by Evans and Cutshall (4). It was found that 
these nuclides were desorbed from suspended particles 
when the fresh water of the Columbia River was mixed 
with seawater in the river's estuary. The desorption of 65Zn 
occurred from suspended particles but not from bottom 
sediment; on the other hand, MMn was desorbed from both 
(5). In seawater, the large concentrations of species like 
Ca(ll) force the equilibrium almost all the way to the side 
of the dissolved radionuclides; very little is left on the 
sediment. 

Studies of the sediment-1!olution interaction in fresh 
water, using both reactor-produced and fallout radionu
c1ides as tracers, have led to a better understanding of the 
means by which dissolved species are removed from a body 
of water. The major routes for the removal of radionu
c1ides from lakes have been described by Lerman and 
Lietzke (6) . 

The route of most immediate interest in the study of 
137CS and 90Sr is adsorption by suspended and deposited 
sediment. In Lake Erie the most common mode of removal 
of l37Cs is flux to the sediment, but sedimentation is a poor 
sink for !IOSr. Lerman and Taniguchi (7) estimate that only 
2-13% of the!lOSr introduced into the Laurentian Great 
Lakes is removed by interaction with the sediment while 
sedimentation removes more than 80% of the l37Cs. These 
findings have been confirmed by Alberts and Wahlgren 
(8) in their comparison of the 1976 and 1979 concentrations 
of these nuclides in these lakes. In the 20 years covered 
by these two studies, there has been little variation ob
served in the 90Sr values. This is to be expected because 
the mean residence times in the Great Lakes range from 
2.6 to 31 years. Thus no significant change in the con
centrations of either fallout radionuclides or stable species 
such as Ca(ll) would be expected. Even if an equilibrium 
had been established between dissolved and adsorbed 
species, it would be difficult to detect. 

In contrast to the static conditions to be found in the 
Great Lakes and in seawater, the concentrations of 90Sr, 
l37Cs, and stable species in Dardanelle Reservoir, AR, vary 
widely over the period of a year. Dardanelle Reservoir, 
formed by the impoundment of the Arkansas River 
southwest of Russellville, has a volume of 486 200 acre feet. 
The montly flow through ranges from 200000 to 20000000 
acre feet except in periods of severe drought; thus, the 
mean residence time is usually less than 2 months and 
often on the order of weeks. The concentration of dis
solved species can change quite rapidly; the total dissolved 
solids (TDS) ranges from 200 to 730 mglL (9). 

It will be shown that, in most samples, the major source 
of !IOSr in Dardanelle Reservoir is fallout carried by the 
inflowing water. Only rarely is !IOSr released from the two 
900-MW reactors, operated by Arkansas Power and Light, 
which use the reservoir as a source of cooling water. 
Variations in the!lOSr concentration should only be linked 
to the natural removal routes of the lake environment. 
Conversely, the bulk of the 137CS is reactor produced, and 
the variation in its concentration should be strongly linked 
to reactor releases and less strongly linked to the removal 

processes if equilibrium is not rapidly achieved. 
The study reported here is an analysis of the factors 

affecting the efficiency of the removal of 90Sr from the 
water column and the factors controlling the amount of 
l37Cs in the water column in Dardanelle Reservoir. 

Methods 
The concentrations of gross fJ activity, 9OSr, l37Cs, and 

TDS were measured monthly, with a few exceptions, from 
Jan 1976 to Aug 1977 and from May 1979 to July 198!. 
In the latter period, the concentrations of Na(I), K(I), and 
the combined Ca(ll) + Mg(II), which will be referred to 
hereafter as M(II), were determined. The concentration 
of!lOSr and 137CS on suspended sediments was determined 
in January, March, May, and July of 1981; the !IOSr con
centration on bottom sediments was determined in April 
of 1980 and 1981; 137CS was also determined on the latter 
date. 

Samples of approximately 20-L volume were collected 
for radionuclide analysis, and 1-L samples were collected 
for analysis of gross fJ activity, TDS, and the cations. The 
samples were collected at four stations: (1) 400 m down
stream from the reactor's cooling water discharge canal; 
(2) 400 m upstream from the reactor's cooling water intake; 
(3) 15 km upstream from the reactor facility; (4) 8 km 
downstream from the reactor facility at the Dardanelle 
Lock and Dam. The samples were taken from the surface 
since, at station 1, it was found that the heated water 
discharged from the facility remained in a surface layer 
2 ft in depth. 

The 20-L samples were acidified and filtered through 
Whatman 42 paper, Sr(II) and Cs(I) carriers (20-25 mg 
of cation) were added, and the sample was passed through 
a column containing -100 g of Dowex-50 X 8, 100-200 
mesh, at a rate of 1 L/h. The water passing through the 
column was discarded. 

The cations were eluted from the column with 1 L of 6 
N HCI. The eluate was evaporated to dryness, and the 
solids were redissolved in deionized water. The insoluble 
sulfide fraction was precipitated from basic solution by the 
addition of thioacetamide and saved for later processing. 
The insoluble carbonates were then precipitated and 
processed for the strontium fraction. The resulting de
cantate was processed to isolate the cesium fraction as a 
CsCIO. precipitate from ethanol (10). The procedure for 
the purification of the strontium was essentially that of 
Hodges (11), except that the strontium was fmally pre
cipitated as SrSO.. The final precipitates were filtered 
onto a paper disc, dried, weighed, mounted on a stainless 
steel planchet, and covered with a Mylar film of 1-4 
mg/cm2 thickness. 

Gross fJ samples were obtained by evaporating 125- 250 
mL of filtered water. The solids were transferred quan
titatively to cupped aluminum planchets and dried at 105 
°C to constant weight and stored in a desiccator until 
counting. TDS was calculated from this weight. 

The suspended solids were removed from the filter paper 
and leached of Sr(II) and Cs(l) by stirring for 2 h in 400 
mL of 6 N HN03 spiked with stable Sr(II) and Cs(l) 
carriers. The slurry was filtered, and the filtrate was 
processed in the same manner as the eluate from the 
ion-exchange column described above. 

Bottom sediments were collected from the upper 1 cm 
of the river bed by an Eckmann dredge. Only stations 1 
and 3 were sampled since the bottom of the intake canal 
is scoured and the bottom at the dam is at such a depth 
as to make dredging very difficult. 

The samples were dried at 105°C and ground in a ball 
mill to pass a 40-mesh sieve. The fine mesh was necessary 
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figure 1. Concentration of OOSr as a function of total dissolved solids 
at station 1 (15, 16). 

for the removal of shards of shell found in the sediment 
at station 1. A 4o-70-g sample was slurried with 400 mL 
of 6 N HCI containing carriers and stirred for an hour. The 
slurry was filtered through two thicknesses of Whatman 
42 paper. The solids were resuspended in 400 mL of 6 N 
HCI, stirred for another hour, and filtered. The combined 
filtrates were passed through -100 g of Dowex 1 to remove 
Fe(IIl). The eluate was evaporated to dryness and pro
cessed as the eluate described above. 

All samples were {3 counted in either a Tennelec LB-l000 
low-background (0.97 cpm) counting system or a Tracerlab 
Omni-guard system (0.60 cpm background). Counting of 
the Sr fractions was delayed until at least 30 days after 
their separation to allow the 9OSr_90y equilibrium to be 
reestablished. After correction for self-absorption and 
self-scattering (12) and for chemical yield, the activities 
of the samples were obtained from comparison with a 
standard. 

The concentration of M(Il) was determined by EDT A 
titration; concentrations of Na(I) and K(I) were deter
mined by flame emission photometry (13). 

All statistical computations were performed by using the 
packaged MINITAB routine (14) available on the University's 
Harris/7 computer. 

Results and Discussion 

The dependence of the 90Sr concentration upon TDS in 
the water taken from station 1 (Figure 1) was first noticed 
when the complete body of data from the 197&-1977 period 
(15) was analyzed. The correlation coefficient for OOSr and 
TDS for TDS values less than 450 mg/L was -0.75, a 
remarkably high value considering the number of param
eters that could affect the 90Sr concentration. At TDS 
values greater than 450 mg/L, the concentration was near 
constant 0.48 ± 0.04 pCi/L. 

It is reasonable to expect that this relationship was due 
to the establishment of an ion-exchange type of equilib
rium between aqueous 90Sr and M(II) and these same 
species sorbed upon the surface of suspended sediment. 
If so, the data should be described by an equation derivable 
from ion-exchange theory. The distribution coefficient for 
Sr is 

Since Sr2+ is a tracer component 

DSr = ajM 

where (90Sr), (90Sr)c = the equilibrium activity of 90Sr in 
solution and on the solid, respectively (in pCi/L and 
pCi/kg), (90Sr)j = the initial activity of 90Sr in solution (in 
pCI/L), w = the mass of ion-exchange medium (in kg), V 
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= the volume of solution (in liters; =1 L), M = the con
centration of M(II) in the aqueous phase (in equiv /L), and 
a = constant. Rearranging these two equations into a 
linear form results in an equation amenable to linear re
gression analysis: 

_1_ = _1_ + _a_ ~ 
90Sr (90Sr)j (90Sr)j M 

(2) 

It is assumed that (90Sr)j is a constant, -0.60 pCi, char
acteristic of fallout and runoff in this watershed. This is 
the activity observed when M(II) concentration is greater 
than 2.5 mequiv /L, at which time the amount of 90Sr as
sociated with the sediment is small compared to that in 
solution. 

It must be pointed out that the term w represents not 
the concentration of suspended sediment at the time of 
sample collection but rather the total amount of clay that 
has been available for ion exchange along the whole course 
of the Arkansas River and thus should be considered a 
constant. This is borne out by statistical analysis, which 
indicates that the amount of suspended material present 
at any single time is not an effective predictor of the 
aqueous 90Sr concentration. If w is considered to be a 
constant, equation 2 can be simplified: 

(3) 

where C! = (90Sr)j and C2 = aw/(90Sr)j. 
If ion-exchange equilibrium controls the concentration 

of 90Sr in Dardanelle Reservoir water, the data should fit 
eq 3 well. The concentrations of OOSr and M(II) in samples 
from each station are presented in Table I. 

Since newly injected OOSr would disturb the equilibrium 
between solution and sediment, it must be certain that 
there is no significant amount of reactor-produced 90Sr 
present in the samples. If there is little difference between 
samples taken from station 2 (immediately before the 
water passes through the reactor's cooling system) and 
from station 1 (immediately after the water has been re
leased from the cooling system), it may be assumed that 
the amount of ~new" 90Sr is negligible. Samples in which 
this difference is 0.07 pCi/L or greater have been discarded 
with one exception noted in Table I. This cutoff value was 
chosen because it is twice the relative error in the values 
for 90Sr concentration. 

That the bulk of the aqueous 90Sr has been present in 
the Arkansas River for sufficient time to establish equi
librium with suspended sediments is indicated by its 
presence in predictable quantities in the Ozark Dam im
poundment, approximately 55 km upstream. In Nov 1980, 
a control sample taken at Ozark Dam had a 90Sr concen
tration of 0.56 pCi/L compared to a value of 0.50 pCi/L 
in Dardanelle Reservoir, indicating also that the main 
source of 90Sr is fallout rather than release from the re
actors. 

A plot of the inverse of the 90Sr concentration as a 
function of the inverse of M(II) concentration for samples 
from station 1 is presented in Figure 2. The ~goodness 
of fit" of the data to eq 3 is measured by the R2 value 
calculated by the linear regression subprogram of the 
MINITAB package. R2 is the percentage of variance in (90_ 
Sr)"! that can be predicted from the parameters chosen 
as predictors. In this case, the only measured parameter 
that was significant as a predictor was M- l ; R2 is thus 
simply the square of the correlation coefficient, r, of these 
two variables multiplied by 100. 

Table II is a tabulation of the values for the constants 
C! and C2 and the R2 and r values for the regression lines 
for each individual station. The fit of station 1 data to eq 



Table I. Concentrations of "Sr (pCi/L) and M(II) (mequiv/L) in Water Samples Taken from Dardanelle Reservoir 

station 1 station 2 station 3 station 4 

date " Sr M(II) " Sr M(II) " Sr M(II) " Sr M(II) 

5/79 0 .34 1.00 0 .31 0 .80 0.40" 1.05 0 .54 2.20 
8/79 0 .55" 2.05 0.48 2.05 0 .50 2.95 0 .49 2.80 

10/79 0 .57" 2.80 0 .50 3.00 0 .50 3.15 0.49 2.90 
11 /79 0 .51 2.85 0.48 2.90 0.42 3.05 0.64 3.10 
12/79 0 .50 2.35 0.43 ' 2.35 0.42 2.30 0.39 2.35 

1/80 0.35 1.35 0.29 1.35 0.39 1.95 0.35 1.80 
2/80 0 .39 1.80 0.36 2.00 0.45 2.55 0.49 2.50 
3/80 0.45b 2.25 0 .38 2.65 0.45 3.20 0.43 2.90 
4/80 0.37 1.65 0 .35 1.65 0.33 2.50 0.46 2.45 
5/80 0 .50 2.45 0.45 2.35 0.43 2.15 0.49 2.00 
7/80 0 .41 3.05 0 .42 3.05 0.54 3.75 0 .48 3.35 
8/80 0.50 3.35 0 .50 3.30 0.46 3.50 0.47 3.55 
9/ 80 0 .51 3.45 0.51 3.40 0.48 3.30 0.48 3.45 

10/80 0.50 3.40 0.49 3.40 0.50 3.40 0.47 3 .40 
11/80 0.49 3.25 0.51 3.20 0.48 3.30 0 .50 3 .30 
12/80 0 .50 3.30 0 .50 3.20 0.48 3.20 0.50 3.35 

1/81 0.50 3.15 0.45 3.10 0 .44 2.90 0 .46 3.05 
2/81 0.46 3.00 0 .43 3.00 0.42 2.35 0.43 3.00 
3/81 0 .39 2.05 0 .38 1.95 0.35 1.90 0 .35 2.10 
4/81 0.38 1.35 0.42 1.35 0.37 1.85 0.46 1.55 
5/81 0 .30 1.55 0 .24 1.45 0.52c 2.05 0 .38 1.95 
7/81 0.45 2.90 0.42 2.80 0.42 3.10 0.43 2.95 

" Value discarded because it is ;;. 0.07 pCi/L greater than station 2 value . b Value not discarded because station 2 value is 
suspect . c Value discarded because of statistically large variance. 

Table II. Constants for Eq 3, R' Resulting from Multiple 
Regression, and r for ("Srt ' and M-' 

station C" pCi/L C" mequiv L/pCi R ' 

1 0 .64 . 0 .05 1.67 ± 0.26 69 .3 0 .83 
2 0 .60 . 0 .07 1.67.0.40 47 .2 0.69 
3 0 .76 ± 0 .12 2.62 ± 0.55 55 .9 0 .75 
4 0 .81 ± 0.15 2.59. 0 .57 51.1 0 .71 

3 is very good; the r value being 0.83. This value is re
marldy close to the value expected of data obtained from 
experiments in which extraneous variables are well con
trolled (0.95). The fit at the other three stations is not 
quite so good, but the r values are all in the area of 0.7. 

The statistical fit for data at station 1 is much better 
than for data for the same water at station 2, even though 
the constants are virtually the same. The water at station 
2 has recently been diluted to a small extent by water from 
a minor tributary of the Arkansas River, the Illinois Bayou, 
which may slightly stress the equilibrium. As the water 
is released from the the cooling system, it flows turbulently 
through the discharge canal, whose bottom is almost wholly 
red clay that is relatively rich in sorbed 9OSr. By the time 
the water reaches station 1, equilibrium may well be 
reestablished. Station 4 water is also diluted to some 
extent by the Illinois Bayou. 

That the data fit eq 3 well is no great surprise. This type 
of behavior has been observed in studies of soils and 
processed clays, but it has not been observable in most 
natural bodies of water because it is rare for a body of 
water to exhibit a variation in the M(II) concentration from 
1.0 to 3.5 mequiv /L in so short a time as a year. Only 
because of this rapid change in equilibrium conditions does 
this equilibrium become evident in the Arkansas River. 

The concentration of 90Sr in suspended sediments should 
exhibit an inverse relationship to the concentration of 
M(II) in solution. There are indications of such a trend, 
summarized in Table III. The uncertainty in the 90Sr 
values is large because the samples were small, as little as 
0.18 g, and the count rate for the Sr fraction was only 
slightly above background. In Jan 1981, the samples were 
so small that they were combined for a single analysis. 
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Figure 2. Dependence of 90Sr activity upon M(II) concentration: 
station 1. 

Consequently, a weighted average for each month is also 
included in Table III. These averages indicate that there 
is an inverse relationship between sorbed 90Sr and aqueous 
M(II). 

The distribution coefficient for 9OSr(lI) has values of 
250-500 L/kg in the 4 months in which both the water and 
the filtered solids were analyzed. This is in the range of 
the value obtained by extrapolating the data of Shiao et 
al. (2) for Sr(lI) sorbed on the calcium form of montmo
rillonite. 

Of interest also is the comparison of the 90Sr on sus
pended matter and that on bottom sediments (Table III). 
The bottom sediments are somewhat higher in 90Sr than 
the suspended material. No conclusion, as yet, can be 
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Table ID. Concentrations of 90Sr (pCi/g) in Sediments as Function of Aqueous M(I1) Concentration (mequiv/L) 

type of 
sediment 

station 

date species 2 

suspended 7/81 " Sr 0.14 ± 0.11 0.20 ± 0.20 
M(II)(aq) 2.88 2.81 

suspended 5/81 "Sr 0 .24 ± 0.07 0.18 ± 0 .07 
M(II)(aq) 1.58 1.46 

suspended 3/81 " Sr 0 .15 ± 0 .12 0.16 ± 0.10 
M(II)(aq) 2.03 1.94 

suspended 1/81 "Sr 
M(II)(aq) 

bottom 3/81 "Sr 0.32 ± 0.04 

• Stations 1 and 2 combined. b Stations 3 and 4 combined. 

drawn as to the mechanism by which the bottom sediment 
has acquired the added load of 9OSr. 

The case of 137CS is quite different. There is usually a 
significant amount of this nuclide released from the re
actors. Since the distribution coefficient for Cs+ is quite 
large, the equilibrium concentration of 137Cs in the reservoir 
would be expected to be quite low, much smaller than the 
quantities released from the reactor. Thus, at the down
stream stations, the concentration of 137CS should be de
pendent principally upon the total activity released from 
the reactors, A" with only a small contribution from other 
sources: 

(4) 

where [l37CS) = the concentration of 137Cs (in pCi/L), Ai 
= the activity of 137CS not contributed by the reactors 
(~C,(TDS)« CsA, fortbis study), and C3, C, = constants. 

The variable A, was calculated from the empirical re
lationship between grOBS fJ activity and TDS (15, 16) since 
part of the data used was gathered before potassium 
analysis was begun: 

A, = (gross fJ activity) - 0.0108(TDS) (5) 

The latter term includes the activities of 9OSr-90Y and the 
naturally occurring nuclides, principally 4OK. 

The values of the parameters used in eq 4 and 5 are 
tabulated in earlier works (15, 16). It is of interest to note 
that samples from all stations contain reactor-produced 
activity, even the upstream stations. This is to be expected 
at station 2. A hydrological model investigation by Bechtel 
Corp. (17) indicated that a circulation pattern would be 
established between outlet and inlet as a result of the 
pumping of cooling water. Reactor-produced nuclides, 
initially airborne, find their way even to station 4 (16). 

Linear regression analyses showed that the only sig
nificant predictor of the 137CS concentration was A, (Table 
IV) and that the other term in eq 5, whether it is de
pendent on TDS or not, does not significantly add to the 
total R2 for the equation. It must be concluded that no
where in the reservoir is the 137CS approaching an equi
librium between sorbed and dissolved species. 

It is interesting to note the change in the value for C3 
as the distance from the reactor increases and/or the 
concentration of gross fJ activity decreases. C3 is the 
fraction of the total activity released that is 137CS. This 
fraction decreases with time since release, indicating that 
there is some selective removal mechanism for 137CS other 
than dilution at work in Dardanelle Reservoir. It is im
possible to pinpoint the mechanism(s) responsible for this 
removal from the available data. It is doubtful that the 
only mechanism is an ion-exchange type of process. The 
observed D value ranges from 104 to 105 L/kg at stations 
1,2, and 4, much higher than the value of ~ 103 (the value 
observed at station 3) predicted by Shiao et al. (2). This 
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3 

0.00 ± 0.15 
3.11 

4 

0.14 ± 0.18 
2.93 

combined sample 

0.12 ± 0 .10 
2.93 

0.10 ± 0 .03 0 .14 ± 0.09 0 .21 ± 0.07· 0 .11 ± 0 .07 b 
2.04 1.95 1.52 2.00 
0.08 ± 0.06 0.09 ± 0.09 0.11 ± 0 .05 
1.88 2.11 

0.34 ± 0 .04 

1.99 
0.10 ± 0.04 
3.04 

Table IV. Constants for Eq 5 and R ' Resulting from 
Multiple Regression Analysis of Aqueous "'Cs 
Concentrations 

R1 , % 

due due 
to to 

station C. C, TDS A, 
- 0.428 ± 0.188 ± 5.6 77.6 

0 .124 0.018 
2 0.122 ± 0.0292 ± 7.7 62.3 

0 .041 0.0097 
3 0 .0842 ± 0.0156 ± 4.8 56.0 

0.0441 0 .0107 
4 0 .0 0 .0552 ± 0.0 40.7 

0 .0258 

total 

83.2 

70.0 

60 .8 

40.7 

is consistent with the findings of Duursma (18) that there 
is little exchange of 137CS with stable Cs in some marine 
sediments. 

In any case, it is certain that equilibrium between 137CS 
in solution and in the sediment has not been reached prior 
to the time the water leaves the reservoir in periods of 
normal flow. The concentration of the newly injected 
nuclide remaining unprecipitated is greater than the 
equilibrium concentration because the time necessary to 
establish equilibrium between solution and sediment is 
significantly longer than the normal mean residence time 
of the water in Dardanelle Reservoir. 

In the Arkansas River, with its considerable load of 
suspended sediment, fallout 908r(1I) has resided long 
enough in the water to have attained equilibrium with the 
suspended solid via an exchange process involving the 
surface of the suspended matter and a solution containing 
M(II) and 9OSr(II). The equilibrium concentration of 90Sr 
is quite sensitive to changes in the concentration of M(II) 
as long as the concentration is less than 2.5 mequiv IL. 
There is no doubt that the concentration of alkaline earth 
cations can significantly affect the efficiency of the removal 
(by flux to the sediment) of 90Sr from the fresh water 
column. 

No conclusion can be reached about the effect of dis
solved species on the 137CS concentration because equi
librium conditions do not exist in Dardanelle Reservoir 
since the reactor facility is a constant source of this ra
dionuclide. Studies of 137CS much further downstream 
from Arkansas Nuclear One will be necessary for a study 
of equilibrium conditions. 
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Mutagenicity and Chemical Characteristics of Carbonaceous Particulate 
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• Experiments were conducted in the Allegheny Mountain 
Tunnel of the Pennsylvania Turnpike in 1979 to evaluate 
bacterial mutagenicities of particulate emissions from 
heavy-duty diesels and gasoline-powered vehicles in 
highway operation. Filter samples were extracted with 
dichloromethane followed by acetonitrile. Ames assays 
with and without microsomal activation, HPLC fluores
cence profiles, GC molecular weight distributions, and 
particle size distributions were obtained. We find that (1) 
the diesel particulate matter at Allegheny resembles that 
encountered in dilution-tube studies by all criteria studied 
(particulate mass emission rate, extractability, particle size, 
extract HPLC profile, extract molecular weight distribu
tion, and mutagenicity-though these findings do not 
preclude the possibility of substantial differences in de
tailed chemical properties), (2) in revertants per microgram 
of dichloromethane-extracted material at Allegheny, the 
mutagenicities of the diesel particulate matter and of the 
local rural ambient particulate matter are of the same order 
of magnitude, and (3) in revertants per kilometer traveled, 
the mutagenicity of particulate emissions from heavy-duty 
diesels is several times (median -6 times) that of emis
sions from gasoline-powered vehicles. 

Introduction 
The prospect of widespread diesel automobile use, to

gether with the 1977 report (1) that diesel exhaust par-

, Present address: Amoco Research Center, Standard Oil Co. of 
Indiana, Naperville, IL 60566. 

ticulate matter is mutagenic as measured by the Salmo
nella typhimurium plate incorporat ion assay (Ames test 
(2», has set in motion a large effort, here and abroad, to 
evaluate the mutagenicity and potential human carcino
genicity of diesel exhaust particulate emissions. A serious 
obstacle to a realistic evaluation is that most of the existing 
information derives from laboratory dynamometer/ dilu
tion-tube measurements. For reasons having to do with 
dilution ratio, residence time, opportunity (or lack thereoO 
for interaction with atmospheric gases and particles or with 
otber exhausts, vehicle operating practices (upkeep, driving 
patterns), and many other factors, the relevance of dyna
mometer/dilution-tube measurements to the actual en
vironment inevitably comes under question. There have 
been, or are now in progress, only a few experiments (3--8) 
that have any bearing on the latter issue, even in a near
to-the-road setting. 

The present experiments were conducted at the Alle
gheny Mountain Tunnel of the Pennsylvania Turnpike in 
1979 to evaluate the mutagenicity and general chemical 
properties of diesel particulate organic material in a re
alistic near-road environment. Characteristic of the ex
perimental setting are residence times of a few minutes 
(0-6, average 2.5) and exhaust dilution ratios ",103-10" 
with no exposure of the exhaust to sunlight. We seek to 
know: 

(1) Are the Ames-assay mutagenicities and chemical 
properties of diesel particulate emissions similar on-road 
to those reported (5, ~31) in dynamometer/dilution-tube 
experiments? 
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Figure 1. Alegheny Mountain Tunnel. Crosses Indicated east portal 
sampling locations In eastbound tunnel (1 = right side. 2 = left side). 
Overhead air ducts for ventilation Intake air are Indicated on the end 
view. 

(2) How does the Ames-assay mutagenicity of exhaust 
particulate material from on-road diesels compare with the 
mutagenicity of exhaust particulate matter from on-road 
spark-ignition vehicles? 

(3) How does the Ames-assay mutagenicity of exhaust 
particulate material from on-road diesels compare with, 
ambient-aerosol mutagenicity? 

The criteria for comparison between on-road and dilu
tion-tube samples are mass emission rates, extractability 
(mass percent) by Soxhlet extraction into dichloromethane 
(CH2CI2), particle size distribution, high-performance liq
uid chromatography (HPLC) profiles, gas chromatographic 
(GC) molecular weight distributions (more properly, 
boiling point distributions), and Ames-assay mutagenici
ties. Mutagenicities of diesel and spark-ignition emissions 
are compared on a revertants-per-kilometer basis and on 
a revertants-per-extractable-mass basis. ' Mutagenicities 
of diesel particulate matter (or the particulate matter from 
traffic undifferentiated as to vehicle type) and the local 
ambient aerosol are compared on a revertants-per-ex
tractable-mass basis. 

Experimental Section 

There were two field experiments in this study, namely, 
May 25 through June I, 1979, and Aug 25 through Sept 
7,1979. Both were at the Allegheny Mountain Tunnel of 
the Pennsylvania Turnpike. 

Sampling Site. Allegheny Tunnel is a four-lane dual 
tunnel 1850 m long, running approximately east-west (two 
eastbound lanes in one tunnel, two westbound lands in the 
other; see Figure 1) through Allegheny Mountain in 
southwestern Pennsylvania at an altitude of 707 m above 
sea level. The roadbed is essentially straight, with a net 
grade 0.5% downward toward the east. Traffic conditions 
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figure 2. Visual counts of eastbound traffic throug, the Allegheny 
Mountain Tunnel duing the Aug/Sept 1979 experiment: upper = 
spark-lgnltlon vehicles; lower = diesel vehicles. 

are representative of highway cruise, at speeds close to the 
posted 55 mile/h limit. All tunnel air sampling was con
ducted in the eastbound tunnel. 

Strong diurnal and weekly traffic patterns (Figure 2) 
permit sampling in periods dominated by diesels and pe
riods dominated by spark-ignition vehicles. Traffic com
position was determined by visual count. Traffic volume 
was determined by a road-tube recording axle counter in 
combination with the visual counting. 

The traffic composition eastbound for a given sampling 
period (-12 h) ranged from 31 % to 93% spark-ignition 
in the two experiments. Of the spark-ignition vehicles, 
98% were light duty (passenger cars, motorcycles, pickup 
trucks, recreational vehicles). The diesels were predom
inantly heavy-duty trucks (average -30 tons, according 
to Turnpike records). Diesel automobiles comprised 2.4 
± 0.5% of the automobile traffic. Heavy-duty spark-ig
nition vehicles comprised 6 % of the heavy-duty traffic 
(1.5% of all traffic) . 

The tunnel sampling stations were located 3.4-8.5 m in 
from the east (exit) portal, 1.8-2.2 m above road level, and 
0.45--0.8 m away from the edge of the road on each side, 
as signified with crosses in Figure 1. Because of the piston 
effect of the traffic, reinforced by the prevailing wind from 
the west, all of the air outflow from the eastbound tunnel 
is through the east portal, at flow rates - 20 000 ma / min 
as monitored by a Gill anemometer situated 47 m inside 
the east portal. Accordingly, the tunnel sampling stations 
registered the cumulative emissions for the whole length 
of the tunnel. These emissions include not only the ex
haust emissions but such things as entrained road dirt, 
tireoowear particles, etc. 

Approximately 40% of the air going into the eastbound 
tunnel during these experiments entered through the west 
(entrance) portal under the influence of the traffic piston 
effect and the prevailing wind. The rest of the inflow was 
split equally between the west and east sets of ventillation 
intake fans on the two sides of the mountain, the air en
tering the tunnel via overhead louvers (see Figure 1). For 
sampling the air coming into the tunnel, stations were set 
up in the east and west fan rooms. It should be recognized 
that the emission-rate calculations require using the com
position of the incoming air, which is slightly contaminated 
by Turnpike traffic emissions; the relatively clean rural 
air farther away is not representative of the air entering 
the tunnel. 

In the Aug-Sept experiment, air was sampled also at the 
top of an abandoned 16-m-high radio tower on the 
mountaintop (elevation 838 m at the foot of the tower) to 
provide material representing local rural ambient air. 

General Approach. The underlying concept of the 
experiments is described in other publications (32-37). 
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One samples simultaneously the tunnel air and the in
coming ventilation air and obtains by difference the vehicle 
contribution to any given constituent in the tunnel air. 
Meanwhile one determines the traffic count and tunnel 
air flow so that the emission rate of any component can 
be ascertained: 

E = /1. V IT (1) 

where E is the emission rate (pg/km) averaged over all 
vehicles, /1 is the concentration difference (pg/m3) between 
tunnel and incoming air, V is the total volume of air (m3) 
through the tunnel, and T is the total kilometers driven, 
i.e., the product of the number of vehicles and the tunnel 
length (1.85 km). Also, for the ith sampling period the 
emission rate E of any constituent can be written 

E j = xp + (1 - x)D (2) 

where G is the spark-ignition-vehicle average emission rate 
(pg/km), D is the diesel-vehicle average emission rate 
(pg/km), and Xj is the quotient of the number of spark
ignition vehicles and the total number of vehicles in the 
ith run, i.e., percent spark-ignition vehicles /100. Equation 
2 can be rewritten 

(3) 

Thus for a series of sampling runs (i = I , 2, . .. ), the plot 
of E vs. x is linear with intercepts 

E=D x=O 

E=G x = 1 (4) 

In this manner, I'g/km emission rates can be derived for 
the two main vehicle categories separately, by linear 
least-squares regression. Figure 3 illustrates the procedure 
with use of emission rates of CH2Clz-extractable particulate 
matter as the example. 

The derivation of eq 4 presupposes that there are no 
light-duty diesels so that values of unity for x are 
achievable and D is independent of x. But as noted above, 
in the 1979 experiments 2.4% of the automobiles were 
diesels. This means that x cannot exceed 0.976 and that 
D decreases as x increases because of an increasing ratio 
between light- and heavy-duty diesels. Accordingly, G is 
calculated from the value of E at x = 0.976 by the ex
pression 

G = (EO.976 - 0.024DR) 10.976 (5) 

where R is the ratio between light- and heavy-duty diesel 
emissions rates, taken in the present analysis to be 1/3 on 
the basis of fuel-economy estimates (based, for example, 
on ref 38 for heavy-duty diesels). This correction is im
portant because the particulate emission rate of a diesel 
car is many times that of the average spark-ignition car. 
(Actually, G is not quite independent of x, because at low 
x more of the spark-ignition vehicles are heavy duty. This 
refinement is inconsequential because heavy-duty spark
ignition vehicles were <2% of the traffic, and their con
tribution to the heavy-duty particulate emissions is only 
a few percent.) 

Sampling Apparatu8 and Procedures. Samples were 
collected, in -12-h periods, concurrently at four 
stations-east portal right side, east portal left side, east 
fan room, west fan room-on preweighed 8 in. X 10 in. 
Pallflex T60A20 Teflon-impregnated glass fiber HiVol 
filters. The HiVol units were equipped with flow con
trollers and were fitted with cyclone preseparators (nom
inal cutoff diameter 5.5 I'm) to exclude large particles and, 
more important, to exclude light. 

The HiVol start and stop times were chosen in accord
ance with the traffic composition (Figure 2) to discrinlinate 
as much as possible one vehicle category from the other. 
Immediately after sampling, the filters were folded, 
wrapped with aluminum foil, and stored in manilla enve
lopes over dry ice (-78.5 ·C) in the dark until time for 
weighing and extraction. 

Because of concern about chemical inertness and col
lection efficiency of the T60A20 medium, samples were 
collected also on 142-mm diameter pure Teflon membrane 
filters of 0.2-l'm nominal mean pore diameter (Ghia Corp. 
Zefluor filters) . Owing to the flow-rate penalty of these 
filters, long sampling periods (e.g., 25 h) were required. 
Each 142-mm filter sampler inlet was fitted with a di
chotomous sampler head (39) to exclude large particles and 
light. Flow was held constant at -60 L/min by means of 
a vacuum regulator at the inlet of each pump. The pumps 
were of metal bellows construction, which is inherently free 
of leakage paths to the outside. Flow was measured by a 
calibrated temperature-compensated dry gas displacement 
meter at the pump outlet. After sampling, the 142-mm 
filters were handled in the same manner as the HiVol 
filters. 

In the Aug/Sept experiment, a long-term (124 h) 
T60A20 HiVol was operated in the west fan room. The 
tower sampling was also long-term (144 h) , approximately 
at the same tinle as the west fan room long-term collection. 
A 142-mm Zefluor filter was used at the tower. 

Particle size distributions were obtained at east portal 
and west fan room stations in the Aug/Sept experiment 
by use of modified eight-stage 1-ft3 / min Andersen cascade 
inIpactors with after filters. The inIpactor collection stages 
were polyethylene and the after filter was quartz fiber 
(Pallflex Tissuquartz 2500 QAO). 

There was no attempt to control the sampling temper
ature. Average ambient temperature at the Altoona/ 
Martinsburg National Weather Service Station was 12.5 
·C in the May/June experiment and 20.5 ·C in the 
Aug/Sept experiment. 

Sample Weighing and Extraction. Mass determi
nations were carried out under subdued yellow light at 22 
°C and 50% relative humidity after the filters or impactor 
stages had reached constant weight in the dark. Particu
late mass was obtained by difference, with control filters 
and stages to cancel any tare weight changes between 
weighings before and after sampling. 

Environ. ScI. Technol .• Vol. 17, No. I, 1983 aa 



Table I. Ford and EPA/RTP HPLC Procedures and Chromatogram Nomenclatures 

EPA/RTP Ford method no. 1 Ford method no. 2" 

expt(s) May /June and Aug/Sept May /June and Au~/Sept Aug/Sept only 
sample injection solvent CH,Cl, CH,CI, or CH,CN CHCI, + trace toluenec 

column 25-cm stainless steel radial compressiond radial compressiond 

detection 
excitation A, nm 313 280 280 
emission h, nm range (filter) ;;.4 18 ;;.389 ;;. 418 

flow rate, mL/min 1 2 2 
elution program 

initial 5% CH,CI, in hexane n -heptane for 0 min n -hexane for 0 min 
for 15 min 

gradients and steps to CH,Cl , (at 5%/min), to CHCI, in 10 min, to CH,CI, in 20 min , 
CH,CI, for 21 min CHCI , for 6 min, CH,CI, for 6 min , 

CH,CN step (10 min)' CH,CN step (10 min) 
reverse gradien ts and steps to 5% CH,CI, in hexane CHCI, step (6 min), CH,CI, step (10 min), 

(at 10%/min) n-heptane step (15 min) to n-hexane in 20 min 
analysis time, min 55 26 36 
cycle time, min 70 47 75 
peak quantitation heigh t and planimetry electronic integration electronic integration 
peak designations 

aromatics "(",,",) PAH-l ,2 ,3 PAH-l,2,3,4 
slightly polar ~ TRANSITION-l,2,3 PAH-5 
moderately polar ),(-)",), ,) TRANSITION -1,2 ,3 TRANSITION-l,2 ,3 ,4 
polar b OXYGENATES OXYGENATES 

" See p 97 of ref 22. b CH,CI, for dried CH,CI , extracts, CH,CN for dried CH,CN extracts. C Toluene added as an inter
nal standard . d Waters Associates, Inc. 'Solvent was switched from 100% CHCI, to 100% CH,CN, which then continued 
for 10 min . 

Mter weighing, the filter samples were allocated between 
Ford and EPA/RTP-for extraction and chemical analysis 
at Ford and for extraction, chemical analysis, and Ames 
testing at EPA/RTP. All filter samples were initially 
extracted in a Soxhlet apparatus for 12-18 h with CH2CI2• 

At Ford the thimble chamber was heated by a hot vapor 
jacket during extraction_ Each extract was ftItered through 
a Teflon membrane ftIter of 0.2-/Lm nominal pore diameter 
(Ghia Corp. Zefluor at Ford, Millipore Corp. Fluoropore 
at EPA/RTP) and concentrated in a rotary evaporator 
under vacuum_ Evaporation to dryness was completed 
under a nitrogen stream without applied heat. The dried 
and dissolved extracts were stored over dry ice (Ford) or 
in a 20°C freezer (EPA/RTP) in the dark. Chemical 
analyses and Ames assays were performed on all CH2Cl2 
extracts_ 

Some of the ftIters were further extracted in acetonitrile 
(CH3CN)_ A few of the ftIters after CH3CN extraction were 
further extracted with o-dichlorobenzene (o-CI2Ph) in a 
stream of oxygen. Chemical analyses and Ames assays 
were conducted on a few of the CH3CN extracts_ 

Particle Size Distribution. The mass on each im
pactor stage and on the after ftIter was converted to /Lg/m3• 

The resulting tunnel values were corrected for the corre
sponding intake fan room values to yield a size distribution 
for the vehicle-associated particulate matter. 

HPLC Procedures. Samples of dried CH2Cl2 and 
CH3CN extracts were redissolved and analyzed by nor
mal-phase HPLC on silica gel by using gradient elution 
with fluorescence detection_ There were three procedures, 
as spelled out in Table I. 

HPLC fluorescence peaks were quantified by peak area 
or peak height (Table I), which, normalized for the fraction 
of the parent sample represented by the sample injected, 
were reexpressed as areas or heights per kilometer driven. 
Regression vs_ traffic composition then yielded the 
fluorescence-intensity ratio for, say, TRANS-I, between 
diesel and spark-ignition vehicles_ 

Molecular Weight Distributions. Molecular weight 
distributions were determined on CH2Cl2 extracts by using 
the GC procedure described by Black and High (40). The 

34 Environ. Sci. Technol., Vol. 17, No.1, 1983 

micrograms-per-cubic-meter value in the tunnel at each 
carbon number was corrected for the intake-air concen
tration (always very low). The net micrograms per cubic 
meter at each carbon number was converted to a milli
grams-per-kilometer emission rate, which in turn could be 
treated by linear regression against traffic composition to 
obtain milligrams-per-kilometer emission rates for each of 
the two vehicle categories at the carbon number in ques
tion. The process was repeated at each carbon number to 
construct a GC molecular weight distribution for diesels 
alone and for spark-ignition vehicles alone. 

Ames Mutagenicity Assays. The dried extracts were 
taken up in dimethyl sulfoxide, and Salmonella typhi
murium dose/response curves were generated as described 
elsewhere (28). The slope of the linear part of each 
dose/response curve was calculated by least-squares linear 
regression, including always the data point at zero dose and 
excluding only those high-dosage points that, when plotted, 
were obviously below the initial straight line. 

The slope values were converted to total revertant 
colonies per filter by multiplying by extractable sample 
mass_ These results were corrected for blank-filter mu
tagenicity. The net was divided by the air volume sampled 
to yield the mutagenicity on a revertants-per-cubic-meter 
basis. The difference in revertants per cubic meter be
tween the tunnel and the fan rooms is the activity in the 
tunnel that is attributable to vehicles alone. This differ
ence is analogous to a (/Lg/m3) in eq I and is entered in 
eq I to obtain, for the given sampling run, the number of 
revertants per kilometer driven_ The revertants per ki
lometer values are treated by linear regression against 
traffic composition (eq 2-5) to yield a value of revertants 
per kilometer for heavy-duty diesels and another for 
spark-ignition vehicles. 

Since the micrograms of extractable material per vehi
cle-kilometer for each vehicle category has similarly been 
determined as earlier described (see Figure 3), the rever
tants-per-kilometer values can be divided by their re
spective microgram-per-kilogram values to yield revertants 
per microgram of extractable material for each vehicle 
category_ Finally, the intake-corrected tunnel revertants 



Table II. Emissions of Total and Extractable Particulate 
Mass (mg/km and % of Total), Allegheny Tunnel, 1979 

spark·ignition vehicles diesel trucks" 

May/June Aug/Sept May/June Aug/Sept 

CH,Cl, 12 ± 3b 5 ± 3d 192 ± 6 186 ± 6 
extractable (-40%)C (26%)" (22%)" 

CH,CN f 1 ± 1d f 11 ± 3 
extractable (1%)" 
after CH,Cl, 

Q·Cl,Ph -0 (_O%)C g 0«9) g 
extractable (.;1 %)e 
after CH,CN 

total 30 ± 11 6+ 11 -, 751 ± 20 860 ± 22 
particulates 

• Average gross weight approximately 30 tons. b Error 
quoted is the standard deviation (a). C Percent of the 
total particulate mass from spark·ignition vehicles. d Per
cent is not stated because of large error limits. "Percent 
of the total particulate mass from diesel trucks. f Poor 
agreement in May/June HiVol and Zefluor CH,CN results, 
and only two sample sets of each filter type were analyzed 
by CH,CN extraction. II No Q·Cl,Ph extraction was con· 
ducted. 

total for the whole experiment is divided by the intake
corrected tunnel mass of extractable material to obtain an 
overall average revertants per microgram for traffic. 

On the May/June HiVol samples, five tester strains
TA98, TA100, TA1535, TA1537, TA1538-were used, with 
and without S9 activation, generally in triplicate at each 
dose, on pooled CH2Cl2 extracts of T60A20 filters. Samples 
were pooled in order to provide enough material to test 
with all five strains. For the tmmel samples, samples from 
periods of mainly diesel traffic went into one pool and 
samples from periods of mainly spark-ignition traffic went 
into the other. All available fan-room HiVol extracts were 
combined into one pool. 

On the May/June 142-mm membrane filter samples, 
only TA98 was used, with and without S9'activation, on 
CH2Cl2 extracts. The small amount of sample obtained 
even in the tunnel precluded a full battery of tests. The 
tunnel membrane-filter samples consisted of one set col
lected over a series of diesel-dominated periods and an
other collected over a series of spark-ignition-dominated 
periods. 

In the Aug/Sept experiment, strains TA98 and TA100 
were used, with and without activation. The CH2Cl2 ex
tracts and a few CHaCN extracts were tested. 

Results and Discussion 

Total Particulate Mass Emission Rates. The gross 
particulate mass emission rates (mg/km) obtained for 
diesels and for spark-ignition vehicles are listed in Table 
II. These and values from earlier Turnpike tunnel ex
periments are listed also in ref 37. Results are expressed 
throughout as the mean ± standard deviation. 

There was a continual tailwind in the tmmel, of average 
speed 26 km/h. This tailwind, together with the -{).5% 
roadway grade, should lower the fuel consumption rates 
(and hence presumably the particulate mass emission 
rates) of heavy-duty diesels by ~45% relative to no-wind 
level-road values (38). The heavy-duty diesel particulate 
emission rates in Table II are similar to values from dy
namometer studies (41). 

The difference in total mass per kilometer from diesels 
between May/June and Aug/Sept is statistically signifi
cant (109 ± 30 mg/km) and consists of a 20% increase in 
the unextractable material in Aug/Sept. This may be 
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Figure 4. Particle size distribution for the vehicle aerosol, Allegheny 
Mountain Tunnel Aug/Sept 1979 experiment; log probabiRty piot. Size 
distribution Is for the sum of ail Impactor runs (72.5 % spark-lgnHlon 
vehicles). 

related to the 8 °C difference in ambient temperature; 
diesel soot emissions are said (42) to increase substantially 
with increasing ambient temperature, 

Organic-Extractable Mass Emission Rates. Table 
II shows the emission rates of material extracted in turn 
by CH2Cl2 (see also Figure 3), CH,CN, and o-C12Ph + O2, 

The percent that each extract represents of the total 
particulate mass for each vehicle category is given in 
parentheses, For diesels the percentage extractable into 
CH2Cl2 is consistent with data from dynsmometer studies 
(13,17,29,30,40) of light- and heavy-duty diesels. 

Acetonitrile, a polar solvent, accounted for 6 ± 2% of 
the extractable diesel particulate matter at Allegheny and 
~ 10% of the extractable material from vehicles as a whole. 
For comparison, in two diesel-particulate studies (11, 17) 
in which glass-fiber filter samples were extracted by CH2Cl2 
followed by CHaCN, 14-17% of the extracted mass was 
in the CHaCN. In two other diesel-particulate studies (29, 
43) where T60A20 or similar filter material was extracted 
by cyclohexane/CH2CI2/CHaCN in sequence, the average 
extract portion in the CHaCN phase was ~20% . 

Following the CH2Cl2 and CHsCN extractions, extrac
tion with o-C12Ph in a stream of O2 removed essentially 
no further material. Since Soxhlet extraction with o-CI2Ph 
+ O2 is effective for many organic compounds including 
polymeric material, this result implies that CH2Cl2 and 
CHaCN had extracted nearly all of the organic material. 

Particle Size Distribution. Figure 4 shows the par
ticle size distribution from vehicles from the Aug/Sept 
experiment as a whole. This distribution can be considered 
to represent diesel particulate matter; even though diesels 
comprised on the average only 27.5% of the traffic during 
the impactor runs, they were responsible for better than 
90% of the vehicle-associated particulate matter (see 
emission rates in Table 11). In contrast to the intake
fan-room particulate matter, which had a mass median 
equivalent diameter (MMED) of 0.6 I'm, the extrapolated 
MMED of the vehicle material was ~0.15I'm; 65% of the 
vehicle material was on the after filter, i.e., of MMED 
<0.43 I'm. As discussed in ref 37, these results agree en
tirely with published dynamometer/dilution-tube results 
on diesels. 

HPLC Fluorescence Profiles. Figure 5 shows that the 
HPLC fluorescence profile of the tunnel-air particulate 
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Table III. Summary of HPLC Analyses by Ford Method No.2, Allegheny Tunnel, Aug/Sept 1979 

ratio 
between 

diesel and 
spark-ignition distribution of fluorescence intensity by HPLC rellion, % 
fluorescence, 
counts/kma spark-ignition diesels all traffic fan roomb 

CH,CI, extract 
PAH-1 34 4 ± 7 20 ± 2 15 9 
PAH-2 15 6 ± 4 11 ± 1 9 3 
PAH-3 + 4 + 5 3 51 ± 10 18 ± 2 29 40 
I:PAH 6 60 ± 18 50 ± 4 53 52 
TRANS-1 9c 5 ± 1 c 7 ± 0.3c 6c 4 
TRANS-2 -1000c 0.007 ± 0.0004c 0.8 ± O.lc 0.5c 0.03 
TRANS-3 + 4 8 14 ± 6 14 ± 1 15 2 
I: TRANS 7 21 ± 8 21 ± 2 21 6 
I:OXY 9 20 ± 8 24 ± 2 22 37 

CH,CI, total 7 99.7 95 96 95.5 
CH,CN extract (after CH,CI,) 

I:PAH 10c 0.5 ± 0.8c 0.7 ± 0.2c 0.6c 0.2c 
I: TRANS ~c - 0.1 ± 1.2c 0.8 ± 0.3c 0.5c 0.09c 

I:OXY ~c -0.2 ± 1.5c 4 ± 0.4c 3c 4c 

CH,CN total 192" 0.2 ± 3.4c 5 ± 0.8c 4c 4.5c 

grand total 7.4 =100 =100 =100 =100 

a Average diesel-truck gross weigbt was approximately 30 tons. b The fan room air corresponds to local rural air slightly 
contaminated by Turnpike traffic emissions. c HiVol data only. 
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Figure 5. HPLC Iluorescence profiles 01 CH.CI. extracts 01 airborne 
particulates collected from diesel exhaust diluted ~ 10: 1 In a dilution 
tube, suburban air (Dearborn, MI), Allegheny Mountain Tunnel (May/ 
June 1979, east portal left side, 142-mm Zefluor fltter, traffic 87.8% 
spark-ignltion), and slmuHeneously sampled east Intake Ian room air 
at Alle!t>eny (142-mm Zefluor fitter), by using the Ford method no. 1 
MJIIon (n-heptane/CHCI,/CHoCN) and nonraI-phase radal compression 
silica gel cokmn. The OXY peak comes at 18-20"'" depen<Ing on 
the timing of the CH.CN injection. 

extract closely resembles that of diesel exhaust particulate 
extract obtained in dynamometer/dilution-tube mea
surements. 

Figure 5 suggests a tendency of polycyclic aromatic 
hydrocarbons (P AH's) toward higher molecular weights 
at AUegheny than in diesel exhaust in the dilution tube 
(compare peaks PAH-l and PAH-3). This difference stems 
from the presence of spark-ignition vehicles at AUegheny 
and from the fact, documented in Figure 6 and Table III, 
that the P AH fluorescence intensity shifts to higher mo
lecular weight PAH's as spark-ignition vehicles become 
more prevalent. (For definition of the chemical compo
sition of the HPLC fractions, see Table III of ref 22. 
GeneraUy, polarity and degree of oxidation increase from 
PAH to TRANS to OXY. In the PAH region of Figure 
6, three- and four-ring PAH's generally elute in PAH-l, 
~six-ring PAH's in PAH-5, etc.) Results ofregressions of 
peak areas per kilometer vs. traffic composition, summa
rized in Table III, lead to the foUowing generalizations: 

The fluorescence intensities of heavy-duty diesel 
emissions per kilometer are an order of magnitude 
greater than those of spark-ignition vehicles. On a 
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Figon 8. HPLC fluorescence profiles 01 CH.Ct. extracts 01 Allegleny 
Mountain Tunnel samples (east portal left side, T60A20 HlVoI fitters, 
Aug/Sept 1979), using the Ford method no. 2 elution (n-hexane/ 
CH.CI./CH.CN) and normal-phase radial compression silica gel column. 
Tralllc composition from visual counting Is Indicated lor each trace (S.1. 
= spark-Ignnlon vehicles). 

fuel-specific basis, the ratio would be ~3. 
In terms of fluorescence intensities, spark-ignition 

vehicles are deficient in low molecular weight PAH's 
relative to diesels. For example, the intensity ratio 
in Table III between diesel and spark-ignition-vehicle 
counts per kilometer is 34 for PAH-l (the lightest 



Table IV. Mutagenicities,a Revertants per Microgram of CH,CI,.Extractable Material, Allegheny Tunnel, Aug/Sept 1979 

142·mm ZefJuor 

T60A20 HiVol 

run 8, 10, 12, east portal (91.6% spark ignition) 
intake fansc 

run 15, 17 , 19, east portal (35.3% spark ignition) 
intake fansc 

long·term tower 
run 7,9, 11, east portald (83.4% spark ignition) 

intake fansc,d 
run 8, 10, 12, east portald (91.6% spark ignition) 

intake fansc,d 
run 13, 14, east portald (77.3% spark ignition) 

intake fansc ,d 
run 15, 17, 19, east portald (35 ,3% spark ignition) 

intake fansc,d 
run 16, 18, east portald (65.9% spark ignition) 

intake fansc ,d 
long-term west intake, runs 7-19c 

TA98 

-S9 +S9 

0.80 
1.04 
0.56 
0.33 
0.19 
0.82 
0.6 2 
0.45 
0.52 
1.04 
0.76 
0.28 
0.46 
0.82 
1.23 
0.62 

0 .55b 
O.l1b 
0.3 5b 

0.27 b 

0.08b 

0.71 
0.31 
0.42 b 

0.25 b 

0.42 
0.66 
0.22b 
0.44 b 

0.49 
0.93 
0.45 b 

TAI00 

-S9 +S9 

0.67 0.99 
0.24 0.55 

1.03 1.09 
0.53 0.76 

0.75 0.75 
0.56 1.05 

a Corrected for blank-filter CH,CI,-extracted mass and mutagenicity. b Second determination (see text). First determi
nation had invalid + S9 control and read 3.5 times higher on the average. C The fan room air corresponds to local rural air 
slightly contaminated by Turnpike traffic emissions. d Pooled HiVol samples. 

PAH's) and only 3 for PAH-3 + PAH-4 + PAH-5. 
In terms of fluorescence intensities, the vehicle

derived material differs from the fan-room material 
mainly in having more TRANS-3 and -4 and less 
OXY. 

The CHaCN extract represents only a small part 
of the total extractable fluorescence. Of the 
CHaCN-extract fluorescence, the diesel is the prin
cipal source. The CHaCN extract is far more ex
tensively oxygenated than the CH2CI2 extract, as 
expected. 

The ratios in Table III between diesel and spark-igni
tion-vehicle fluorescence counts per kilometer are generally 
several times less than the mass emission-rate ratio of 
extractable material or of gross particulate matter (Table 
11). Thus: 

Per unit mass of extractable or total particulate 
matter, material emitted by spark-ignition vehicles 
is several times more fluorescent than that emitted 
by diesels (not surprising, since most of the ex
tractable diesel material is aliphatic hydrocarbons). 

Figure 7 again documents the tendency for the diesel 
PAH fluorescence to be associated with lower molecular 
weights than the PAH fluorescence from spark-ignition 
vehicles. (See Table I for the translations between a, fl, 
y and PAH, TRANS, OXY.) Further, Figure 7 shows that 
the material collected in the fan rooms and especially at 
the tower is more oxygenated than the tunnel material, as 
might be expected. Formation of fluorescent artifacts by 
reactions involving the filter medium is not apparent, in 
that qualitative and quantitative comparisons by HPLC 
between the west intake fan room long-term TOOA20 HiVol 
ftiter and the sum of short-term ftiters spanning the same 
period show good agreement (~±8% in the case of.the 
planimetry data). 

Molecular Weight Distributions. The GC molecular 
weight distribution of CH2Cl2-extracted diesel particulate 
matter at Allegheny is shown in Figure 8 for the Aug/Sept 
experiment; the May/June results are the same. The 
molecular-weight distribution for spark-ignition vehicles 
cannot be constructed accurately from the Allegheny ex
periments because there is too much diesel material. 

Shown also in Figure 8 is the GC molecular weight 
distribution associated with a heavy-duty diesel in a dy
namometer/dilution-tube experiment (40). It clearly re
sembles the distribution at Allegheny. 

0, 

Eost Portol Right 
Run 17 
34.67% S.I. 

Eost Portol Ri9ht 
Run 10 
93.15 % S.I . 

West Intok. 
Fan Room 
Runs 7-19 

TcntrI'er 
I I I I ! I I Runs 8-20 
o 10 20 30 40 50 60 

Retention time, minutes 

Figure 7. HPLC fluorescence prollies 01 CH,CI, extracts 01 Allegleny 
Mountain Tunnel samples (Aug/Sept 1979), using the EPA/RTP pro
cedure. Traffic composnlon from visual counting is indicated lor the 
two tunnel proflles (top to bottom): tunnel T60A20 HiVol liner with 
mostly diesel traffic; tunnel T60A20 HIVoililler with 93.15% spark
ignitioo-vehicle (=S.I.) tralllc; west Intake long-term T60A20 HiVoililter; 
tower long-term 142-mm Zelluor liner. 

Mutagenicity. Table IV lists the Aug/Sept dose/re
sponse slopes expressed as revertants per microgram of 
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Table V. Mutagenicities,a Revertants per Cubic Meter of Air, Allegheny Tunnel, Aug/Sept 1979 

TA98 TA100 

- S9 +S9 -S9 +S9 

142·mm Zefluor run 8, 10, 12, east portal (91.6% spark ignition) 
intake fansc 

22,6 
3.0 

24.2 
1.4 
0.59 

18.6 
2.1 

14.4 
1.8 

47.8 
2.5 

13.6 
1.3 

37.9 
3.4 
1.8 

15.3b 
0 .32b 

15.2b 

1.1 b 

0 .25b 

16.0 
1.0 

13.3b 

0.8b 

19.4 
2.2 

10.8b 

1.2b 

22.6 
2.6 
1.3b 

run 15, 17, 19, east portal (35 .3% spark ignition) 
intake fansc 

long-term tower 
T60A20 HiVol run 7, 9,11, east portald (83.4% spark ignition) 

intake fansc,d 
15.1 22.5 

0.79 1.8 
run 8,10,12, east portald (91.6% spark ignition) 

intake fansc,d 
run 13, 14, east portald (77.3% spark ignition) 

intake fansc,d 
47.4 

1.7 
50.2 

2.5 
run 15, 17, 19, east portald (35.3% spark ignition) 

in ta ke fansc, d 
run 16, 18, east portald (65.9% spark ignition) 

intake fansc,d 
34.6 

1.6 
34.5 

2.9 
long-term west intake, runs 7-19c 

a Corrected for blank-filter CH,Cl,-extracted mutagenicity . b Second determination (see text). c The fan room air cor
responds to local rural air slightly contaminated by Turnpike traffic emissions_ d Pooled HiVol samples. 
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Figure 8. GC molecular weight distributions 01 CH.CI,-extractable 
material: solid line and left ordinate, diesels In the Allegheny Mountain 
Tunnel Aug/Sept 1979 experiment; broken line and right ordinate, 
Caterpillar 3304 heavy-duty diesel engine at 2200 rpm (reI 40, Figure 
12). The two plots are normalized to equal areas C14-C... Arrows 
Indicate the pairings 01 curves and ordinates. 

CH2Cl2-extractable material, corrected for blank-filter 
CH2Cl2-extractable mass and mutagenicity. Even without 
further data reduction it is obvious that the mutagenicity, 
in revertants per microgram of CH2Cl2-extracted material, 
in the tunnel is similar in order of magnitude to that in 
the intake fan rooms or at the tower. Contamination by 
Turnpike traffic emissions accounts for most of the mu
tagenicity and CH2Clr extractable particulate mass in the 
fan rooms. 

In Table V the Aug/Sept mutagenicities are expressed 
as revertants per cubic meter. The mutagenicity added 
to the tunnel air by vehicles is readily apparent; the mu
tagenicity per cubic meter in the tunnel air is an order of 
magnitude greater than in the intake air and some 50 times 
greater than in the air at the tower. 

Regression of revertants per kilometer vs. traffic com
position, as illustrated in Figure 9, gives the results listed 
in Table VI. The mutagenicity of heavy-duty diesel 
particulate emissions, expressed as revertants per kilom
eter, is seen to be much higher (median, ~6 times higher) 
than the revertants-per-kilometer mutagenicity of spark-
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Figure 9. Plot 01 Ames revertants/km vs. traffic composition, CH.CI. 
extracts, tester strain TA9S wHh microsomal activation (+S9), Alle
gheny Mountain Tunnel Aug/Sept 1979 experiment. 

Table VI. Mutagenicities, Thousands of Revertants per 
Kilometer Traveled, CH,CI, Extracts, Allegheny Tunnel, 
1979 (from Regression Analysis) 

TA98 (-S9) 

TA98 (+S9) 

TA100 (-S9) 

TA100 (+S9) 

TA1535 (-S9) 
TA1535 (+S9) 
TA1537 (-S9) 
TA1537 (+S9) 
TA1538 (-S9) 
TA1538 (+S9) 

May/June 
Aug/Sept 
May/June 
Aug/Sept 
May/Juneb 

Aug/Sept 
May/Juneb 

Aug/Sept 
May/Junec 
May/Junec 
May/Juneb 

May/Juneb 

May/Juneb 

May/Juneb 

spark
ignition 

39 ± 24 
19 ± 10 
26 ± 14 
12 ± 4 

5 
13 ± 32 
22 
32 ± 27 
o 

.. 2.4 
-2 

5 
3 

11 

diesel 
trucksa 

211 ± 113 
80 ± 20 

181 ± 40 
51 ± 7 

221 
135 ± 104 
271 

88 ± 87 
.. 7 
.. 5 

.. 10 
34 
56 
46 

a Average gross weight approximately 30 tons. b Intake 
fan room values were not reasonable (too high) and are set 
to zero in calculating vehicle values for TAIOO, 1537, and 
1538 in May /June. c Intake fan room samples were not 
tested on TA1535. Assumed zero. 

ignition-vehicle particulate emissions. 
The results in terms of revertants per microgram by 

vehicle category are summarized, together with revertants 



Table VII. Mutagenicities, Revertants per Microgram of CH,CI,·Extractable Material, Allegheny Tunnel, 1979 

vehicle type 

spark·ignition diesel all fan roomsa tower 

TA98 (-S9) May/June 3 ± 2 1.1 ± 0.6 1.3 0.9 b c 
Aug/Sept 4 ± 3 0.4 ± 0.1 0.6 0.6 0.2 

TA98 (+S9) May/June 2 ± 1 0.9 ± 0.2 1.0 O.4b c 
Aug/Sept 2.4 ± 1.6 0.27 ± 0.04 0.4 0.4 ± 0.15 0.08 

TA100 (-S9) May/June 0.4 1.2 1.0 d c 
Aug/Sept 3 ± 7 0.7 ± 0.6 0.8 0.4 c 

TA100 (+89) May/June 1.9 1.4 1.5 d c 
Aug/Sept 7 ± 6 0.5 ± 0.5 0.9 0.7 c 

TA1535 (-89) May/June 0 0.04 0.02 e c 
TA1535 (+89) May/June 0.2 0.02 0.06 e 
TA1537 (-S9) May/June 0.1 .;;0.05 0.06 d c 
TA1537 (+S9) May/June 0.4 0.2 0.2 d 
TA1538 (-89) May/June 0.2 0.3 0.3 d c 
TA1538 (+89) May/June 0.9 0.2 0.4 d c 

• The fan room air corresponds to local rural air slightly contaminated by Turnpike traffic emissions. b 142·mm Zefluor 
samples only; fan·room T60A20 HiVol values were not reasonable (too high). C Not measured. d Intake fan room values 
were not reasonable (too high) and are set to zero in calculating vehicle values for May/June TA100, 1537, and 1538. e Not 
measured. Set to zero in calculating vehicle values. 

Table VIII. Ratio of Normalized Mutagenicities· between 
CH,CN and CH,CI, Extracts, Allegheny Tunnel, 
Aug/Sept 1979 

traffic fan 
(- 64 % diesels) roomsb tower 

TA98 (-S9) 1.7 ± 1.5 -0.08 -3 
TA98 (+S9) 0.18 ± 0.16 -0.004 0 
TA100 (-S9) 0.53 ± 0.57 -0.02 0 
TA100 (+S9) -0.2 -0.03 

a Normalized Ames activity :: revertants per microgram 
of whole particulate matter (or per whole filter). A value 
of 1.7, for example, means that there was 1.7 times as 
much mutagenic activity in the CH,CN extract of the 
whole sample as there was in the preceding CH,Cl, extract 
of the whole sample. b The fan room air corresponds to 
local rural air slightly contaminated by Turnpike traffic 
emissions. 

per microgram for traffic overall and for the fan-room and 
tower extracts, in Table VII. On a revertants per mi
crogram basis the mutagenicity of the spark-ignition-ve
hicle particulate matter generally exceeds that of the diesel 
particulate matter (by a median margin of 2.5:1). The 
tower particulate material and the traffic material are 
similar, within an order of magnitude. 

Table VIII indicates substantial mutagenicity in the 
CH3CN extracts (i.e., mutagenicity not extracted by 
CH2CI2) of the tunnel samples. The data are meager and 
the amounts of CH3CN-extracted material are tiny so there 
is wide opportunity for error. In the only other study 
known to us that bears on this (11), CH3CN is said to have 
extracted 30-50% as much TA98 activity (revertants per 
filter or per microgram of starting material) from diesel 
particulate matter as did a preceding CH2Cl2 extraction, 
consistent with our results and with the idea that much 
of the mutagenic material in diesel exhaust particulate 
matter is not extractable into CH2CI2• 

Uncertainties in the Mutagenicity Measurements. 
When half of the Aug/Sept TA98 (+S9) assays were re
peated because of an invalid control, the new values were 
lower than the old by a factor of 3.5 on the average. The 
lower values were adopted in our work; the affected sam
ples are identified in Tables IV and V. Use of the higher 
values would raise the mutagenicity estimates by a factor 
of 2.8 and would bring them within 20% of the May/June 
results given in Tables VI and VII. Also, the TA98 (-S9) 
assays of the Aug/Sept samples were tested in two sets, 

and the disjunction between sets appears to be a factor of 
2. The variation between the May/June and Aug/Sept 
experiments is a factor of 2 or 3-comparable to the un
certainties within experiments. A subsequent (1981) ex
periment at Allegheny (44) gave TA98 and TAlOO (-S9) 
assays at Ford consistent with the 1979 results (generally 
closer to Aug/Sept). 

By contrast, the standard deviation in measurement of 
other properties (e.g., total or CH2Cl2-extracted mass, 
Table II) is only a few percent. It follows that the scatter 
in the mutagenicity values has to do with the bioassay 
itself. This scatter, especially that from one time to an
other, seems consistent with month-to-month experience 
at EPA/RTP in other Ames assays during 1979-1980. At 
a given time the variation in Allegheny mutagenicity re
sults is much greater than that seen at EPA/RTP with 
replicate dilution-tube samples; but in the Allegheny study 
the assay is being applied to a complex mixture that is 
possibly nonhomogeneous or unstable in dimethyl sulf
oxide. Bacterial-population effects could cause 2- to 3-fold 
variations in dose/response slope (45). In the +S9 case, 
moreover, the variety of enzymes and their levels, the 
homogeneity of the mixture, the dissolved O2 levels, etc., 
are essentially uncontrolled and incompletely character
ized. 

The pooled CH2Cl2 extracts of the fan-room T60A20 
HiVol samples from the May/June experiment showed 
Ames activities in the range 3-20 (average, 7) rever
tants/ p.g, well above the values obtained via the concur
rently collected 142-mm Zefluorfilters and well above the 
Aug/Sept fan-room values (Table IV or VII); worse, the 
calculated revertants per cubic meter for the fan room 
(May/June T60A20 HiVol samples) would have exceeded 
the value for the tunnel. On these grounds, the May/June 
T60A20 fan-room data were rejected. The Zefluor data 
were used when available; otherwise the fan-room muta
genicity was set to zero in the calculations. The zero ap
proximation should cause the mutagenicity of vehicle 
emissions in the tunnel to be overestimated, probably to 
an inconsequential degree. 

There remains the question of sample age and long-term 
stability. The May/June samples were about 2 months 
old when tested by Ames assay. The Aug/Sept samples 
were 7 months old when tested. No trend with time was 
detected in five TA98 (+S9) assays and four TA98 (-S9) 
assays of one of the May/June east portal T60A20 samples 
over a span of 7.5 months, within the scatter of the mea-
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surements (standard deviations ~55% of the mean). The 
half-order-of-magnitude agreement between May/June 
and Aug/Sept argues against drifts much larger than that, 
since the time lapses differed by 5 months. Some inves
tigators report small changes on time scales of 2-5 months 
(13,17). Claxton (28) reports no significant storage drift 
in dilution-tube samples over 7 months at 0 °C. It does 
not necessarily follow that the same would hold for samples 
with an ambient-aerosol component, but the storage tem
peratures for the Allegheny samples were much lower. 

Comparison with Mutagenicity Results from Dy
namometer/Dilution-Tube Studies. Comparison of 
dynamometer data in Tables IX and X with the Allegheny 
data in Tables VI and VII reveals no difference (within 
the broad range of the dynamometer data and the un
certainty in the Allegheny Ames-assay results) in muta
genicity of vehicle exhaust particulate emissions between 
on-road and dynamometer tests. Even the pattern of 
relative values among strains and between +S9 and -S9 
at Allegheny is similar to the literature results. 

The last statements take into account that the diesel 
results at Allegheny refer to heavy-duty diesels alone, and 
that the Allegheny diesel revertants-per-kilometer figures 
(though not necessarily the revertants-per-microgram 
figures) accordingly should be scaled down by a factor of 
3 or so (38) in drawing comparisons with dilution-tube 
results for light-duty diesels. Moreover, heavy-duty diesels 
ordinarily have 2- and 4-stroke direct-injection engines, 
whereas diesel automobiles commonly have 4-stroke pre
chamber engines, and it appears from Tables IX and X 
that 2- and 4-stroke truck diesel engines do differ with 
respect to revertants per CH2Cl2-extracted micrograms or 
per kilometer. 

Some 50% of the gasoline consumed in 1979 in the 
Allegheny Tunnel was consumed in catalyst-equipped 
vehicles (as judged by Turnpike service plaza figures (46) 
for the unleaded share of total gasoline sales). On a re
vertants-per-kilometer basis such vehicles contribute little 
to the mutagenicity associated with spark-ignition vehicle 
emissions (7, 19, 31) (see Table X). The emission rate 
(mg/km) of extractable organic particulate matter from 
catalyst-equipped vehicles is also very small (e.g., ref 47). 
Accordingly, the Allegheny spark-ignition revertants per 
microgram should be close to the revertants-per-microgram 
figure for noncatalyst systems, and the Allegheny rever
tants per kilometer should be intermediate between the 
revertants-per-kilometer figures for catalyst and nonca
talyst systems. 

There are two important qualifiers to the statement that 
mutagenicity and other properties are the same on-road 
and in dynamometer tests. First, the average age of the 
emissions at the point of measurement in the Allegheny 
Tunnel is only a few minutes, during which time the ex
haust has been diluted by factors of ~ 103-10. (typical 
urban dilution factors are ~ 104) but there has been no 
exposure to sunlight; the Allegheny experiments do not 
address the difficult question of atmospheric effects over 
long transport times and distances. Second, a subsequent 
experiment at Allegheny (44) shows that I-nitropyrene, 
usually a substantial contributor to the TA98 (-S9) mu
tagenicity of diesel exhaust particulate extracts in dilu
tion-tube studies (48), is less than was predicted from such 
studies; the similarity between on-road and dilution-tube 
diesel properties evidently does not extend to chemical 
properties in detail. 

Comparison with Mutagenicity Results of Other 
On-Road Studies. Results of other aerometric studies 
on vehicle exhaust mutagenicity are as yet sparse. Data 
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from two highway tunnels in Japan (7) imply 0.29 ± 0.07 
TAl00 (+S9) revertants/ ~ of methanol-extracted material 
and lower values for TA98 (+S9), with indications that 
diesels are much more important in terms of revertants 
per distance traveled. Preliminary analysis of the EPA 
New York Port Authority Bus Terminal experiment (3) 
indicates general agreement with the Allegheny results. 

As mentioned already, 1981 Allegheny mutagenicity 
results are comparable with those in the present work. 

Comparison between On-Road and Ambient-Air 
Mutagenicities. Per microgram, the CH2Cl2-extractable 
particulate matter from diesels at Allegheny has about the 
same mutagenicity (Table VII) as is reported (49, 50) in 
organic extractable particulate matter in the Los Angeles 
Basin (e.g., 0.44 revertants/ltg TA1538 (-S9), in Los An
geles). The same is true with respect to the Allegheny 
tower, within an order of magnitude (Table VII). At least 
in the case of the tower, however, the ambient material is 
chemically unlike the diesel material (e.g., see Figure 7), 
and thus the similarities in revertants per microgram may 
be fortuitous. 

We can consider the introduction of light-duty diesels 
and the prospective changes in urban-air mutagenicity in 
light of the Allegheny results. Los Angeles is a good ex
ample because of the importance of vehicle emissions there. 
Let us imagine light-duty diesels of present design (par
ticulate emission rate ~300 mg/km) supplanting 25% of 
the present-day automobiles. It can be projected (51) that 
under these circumstances light-duty diesels would add 8 
Itg/m3 gross particulate matter or, if 24% extractable as 
at Allegheny (Table II), 2 Itg/m3 organic extractable ma
terial (vs. 15-35 Itg/m3 (52-56) now existing) to the Los 
Angeles atmosphere. If the emitted extractable material 
is mutagenically similar to that at Allegheny (~1 rever
tant/ltg, Table VII), then 2 revertants/m3 (TA98 (±S9) 
or TA100 (±S9)) would be added by light-duty diesels. 
(The net change, after subtraction of the mutagenicity 
associated with the supplanted spark-ignition vehicles as 
estimated from the Allegheny data, would be less.) This 
may be compared to Los Angeles values of ~ 100 rever
tants/ma recently reported (57) or ~2 revertants/ma as 
reported earlier (49, 50) by the same investigators. 

It is useful to consider the eventual possibility of 25 % 
light-duty diesels and 75% catalyst-equipped gasoline
powered automobiles in light of the situation that probably 
existed before the advent of catalyst-equipped automobiles 
in 1975. In Table X, automobiles operating on leaded 
gasoline and on diesel fuel seem similar with respect to 
revertants per kilometer. Aside from the effect of growth 
or decline in automobile usage, the eventual automobile
attributable atmospheric mutagenicity in a given place 
accordingly should be much the same as, or less than, 
whatever existed before 1975. 

The foregoing projections deal only with the directly 
emitted particulate matter; photochemical aerosol and 
chemical changes in the atmosphere are ignored. It is 
stressed that the connection between Ames-assay muta
genicity and human carcinogenicity is an open question 
and that inferences about health effects lie beyond the 
scope of the present work. It would be especially un
warranted to speculate about relative health effects on the 
basis of relative mutagenicities of materials that are chem
ically very dissimilar (for example, diesel and Los Angeles 
organic particulate matter). 

Relationships between Mutagenicity and HPLC 
Fluorescence Intensity. Correlations were sought be
tween mutagenicities and HPLC fluorescence intensities. 
Samples from the tunnel, intake air, tower, and extract 
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blanks were considered together. The test of generality 
of the relationship between mutagenicity and fluorescence 
intensity is therefore more severe than might be provided 
by diesel exhaust particulate samples alone. 

Aside from data sets consisting entirely of intake-fan
room data, correlation coefficients are in the range 0.4-{).8. 
For comparison, atmospheric levels of species that are 
source-related generally have correlation coefficients ~O.8 
(e.g., Pb vs. Br, r = 0.983) while atmospheric species un-
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related in origin have correlation coefficients ~O.4 because 
of meterological factors (58). From this perspective, it 
appears that HPLC fluorescence peak areas are not useful 
predictors of mutagenicity. 

Conclusions 

(1) The diesel particulate mass emission rate, particle 
size distribution, gross chemical properties (extractability 
into CH2CI2, extract HPLC fluorescence profiles, and ex
tract molecular weight distribution), and extract muta
genicity are essentially the same on-road at Allegheny as 
in dynamometer/dilution-tube experiments. 

(2) Highway traffic produces a distinct increase in at
mospheric near-road mutagenicity (revertants/m3, Table 
V). 

(3) Per kilometer driven, the mutagenicities of the ex
tractable particulate emissions from heavy-duty diesels are 
many times those from light-duty spark-ignition vehicles 
(about half of them equipped with catalytic converters). 

(4) Per microgram extracted, the CH2Cl2-extracted 
particulate matter from diesels is less mutagenic than that 
from spark-ignition vehicles. 

(5) Per microgram extracted, the CH2Cl2-extracted 
particulate matter from on-road diesels probably has 
mutagenicity comparable to ambient aerosol, both rural 
(ony two measurements at the Allegheny tower) and as 
reported for the Los Angeles basin. 

(6) The potential effect of light-duty diesels on urban 
atmospheric mutagenicity (revertants/ m3) is equivocal, i.e., 
could be significant or insignificant depending on what is 
representative of current ambient levels. 

(7) The mutagenicity of material extracted into CH3CN 
following the usual CH2Cl2 extraction may be significant. 

(8) HPLC fluorescence intensities probably are not 
useful predictors of mutagenicity. 

(9) The fluorescing PAH's from diesels tend to be of 
lower molecular weight than those from spark-ignition 
vehicles. 

(10) The main HPLC difference among vehicle partic
ulate matter in the tunnel, in the intake fan rooms, and 
at the tower is that the latter two (especially the tower 
sample) are more oxidized, as judged by fluorescence in
tensities. 

Implications of some of these conclusions are that (1) 
there would be some increase in near-road mutagenicity 
(revertants/m3 of air) if light-duty diesels were to supplant 
today's spark-ignition systems, but (2) the increase would 
probably not be disproportionate to the increment of 
CH2Cl2-extractable mass involved, and in any case (3) the 
dynamometer/ dilution tube is probably a valid index of 
the on-road situation in a general sense (though this may 
not hold for detailed chemical composition). 
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Isolation, Identification, and Determination of Polycyclic Aromatic Hydrocarbons in 
Sewage 
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• A method for assaying 16 polycyclic aromatic hydro
carbons (PAH) is described. The analytical procedure for 
their isolation and quantitative determination with the use 
of an internal standard has been developed. High-pressure 
liquid chromatography with UV detection at 254 nm, on 
a Zorbax ODS column with methanol-water as the mobile 
phase, was applied for the determination of P AH in sewage 
samples. 

Introduction 
Polycyclic aromatic hydrocarbons (P AH) constitute a 

large group of compounds occurring in the atmosphere, 
soil, surface waters, sea water, and in many foodstuffs 
(1-5). 

The most sensitive methods currently employed for 
assaying P AH are the following: (i) gas-liquid chroma
tography using isotropic capillary columns and nematic 
columns (6-10); (ii) UV spectrophotometry and spectro
fluorimetry (11-13); (iii) high-pressure liquid chromatog
raphy (HPLC) (14, 15). 

In this note we describe an analytical procedure we have 
developed for assaying P AH in sewage by using HPLC. 

Experimental Section 
Analysis of P AH requires extreme care at all stages in 

the analytical process. All solvents used were of high 
purity and glass distilled; the glass equipment must be 
throughly cleaned. 

The samples were taken from the central stream of the 
sewage into 2 dm3 glass bottles. 

Preparation of Florisil. A suspension of 300 g of 
Florisil in 500 cm3 of methanol was shaken for 1 min, 

'Department of Physical Chemistry. 
I Laboratory of Environmentsl Control. 

transferred onto a Buechner funnel, and allowed to drain 
into a suction flask. Florisil was washed on the filter twice 
with 150 cm3 of methanol, the residual being removed in 
vacuo. Finally, Florisil was dried for 3 h in a rotary 
evaporator under reduced pressure and kept in tighly 
closed vessels. 

Before use, Florisil should be tested by using a standard 
benzo[a)pyrene solution and benzo[b)chrysene as internal 
standard. The recovery of the standard should be ap
proximately 95%. 

Determination: Isolation of P AH from Sewage. To 
a 2-dm3 sample of sewage was added 2 cm3 of a standard 
benzo[b)chrysene or picene solution (3.6 J.lg/cm3), followed 
by 200 cm3 of cyclohexane, and the mixture was mechan
ically stirred for 1 h. The cyclohexane fraction was sep
arated, and the operation was repeated with another 200 
cm3 of cyclohexane. The combined cyclohexane fractions 
were extracted with a I-dm3 separating funnel three times 
for 2 min by using 100 cm3 of Me2S0. After each ex
traction the lower layer (Me2S0) was transferred to a 1-
dm3 separating funnel containing 400 cm3 of distilled 
water. The cyclohexane phase was discarded, and the 
contents of the funnel were cooled to room temperature 
and extracted four times with 50 cm3 of cyclohexane. The 
combined extracts (200 cm3) were transferred to the I-dm3 

separating funnel containing 400 cm3 of distilled water. 
The cyclohexane layer was discarded, and the contents of 
the funnel were cooled to room temperature and extracted 
with four 5O-cm3 portions of cyclohexane. The lower layer 
was discarded. The combined cyclohexane extracts (200 
cm3) were placed in a I-dm3 separating funnel and ex
tracted with two 200-cm3 portions of a dimethylformamide 
(DMF)-water (9:1) mixture. The lower layers were placed 
successively in 2_dm3 separating funnels containing 400 cm3 

of water, whereas the upper layers were discarded. The 
DMF-water layer (800 cm3) was extracted with two 150-
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Figure 1, Separation 01 polycyclic aromatic hydrocarbons (PAH) standards: column, Zomax OOS; mobile phase, methanol-water (80:20); flow 
rate, 0.8 cm'/mln; column temperalU'e, 30 ·C. 

cm3 portions of cyclohexane. The lower layer was dis
carded, and the combined cyclohexane extracts (300 cm3) 

were washed with distilled water to remove residual DMF. 
This cyclohexane extract was applied onto a chromato
graphic column packed first with 60 g of Florisil and then 
with 50 g of Na~04' The column was protected from light 
by being wrapped tightly with aluminum foil. Before use, 
the column was moistened with 100 cm3 of cyclohexane, 
the eluate being discarded. The eluate obtained after 
running through the column of 300 cm3 of the cyclohexane 
solution was likewise discarded. The adsorbed PAH 
fraction was eluted with 180 cm3 of benzene, the eluate 
being collected in a 250-cm3 round-bottomed flask. The 
benzene eluate was concentrated in a vacuum rotary 
evaporator to 3-5 cm3, transferred to a 10-cm3 conical test 
tube, and evaporated almost to dryness under nitrogen. 
The residue was dissolved in 100 /LL of DMF and analyzed 
by HPLC. 

The column (Du Pont Instruments, 4.6 X 250 mm) was 
packed with Zorbax ODS, grain size 5 /Lm, with the fol
lowing conditions: column temperature, 30 ·C; mobile 
phase, methanol-water (80:20 by volume); flow rate of the 
mobile phase, 0.8 cm3/min; chart speed, 0.5 cm/min. 

Individual P AH were identified by comparison of their 
retention times with those of authentic specimens. 

The content of particular components was calculated (in 
/Lg/kg) from the following equation: 

X = ABC/DG 

where A is the peak area of the compound to be assayed, 
B is the volume (cm3) of the internal standard added, C 
is the conentration of the internal standard (/Lg/ cm3) , D 
is the peak area of the internal standard, and G is the 
sample weight of sewage (kg). The surface areas of peaks 

Table I. Values of Retention Times (tr) and Correction 
Factors (SK) of PAH 

no. compound t~ min SK 

1 fluorene 4.10 6.4 
2 phenanthrene 4.42 2.8 
3 anthracene 4.85 0.61 
4 fluoranthene 6.2 12.6 
5 pyrene 6.4 19.8 
6 benz[a ] anthracene 9.2 8.0 
7 chrysene 9.6 0.54 
8 benzoU]fluoranthene 13.2 64.6 
9 benzol e ]pyrene 13.9 20.7 

10 benzol b ]fluoranthene 14.4 6.6 
11 perylene 14.4 5.6 
12 benzo[k ]fluoranthene 15.0 8.3 
13 benzo[a ]pyrene 16.2 6.4 
14 dibenz[a,c ]anthracene 18.3 8.3 
15 dibenz[a,h ] anthracene 21.4 29.5 
16 benzol b ]chrysene 24.1 
17 benzo[ghi]perylene 24.5 15.9 

A and B were calculated by multiplying the height of the 
peaks by their width at half-height. 

Results 
In Figure I, the separation of the standard mixture of 

P AH is shown. The identities of the compounds corre
sponding to peaks 1-16 are given in Table I. Table I lists 
retention times (tl ) of particular PAH together with values 
of the correction factor (Sk) that accounts for molar ab
sorptivities of the compounds. 

The absorptivities were determined at 254 nm by using 
samples of standard substances and a Carl Zeiss spectro
photometer. The correction factor, Sk> of particular com
pounds indicates how many times the peak area must be 
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Figure 2. Separation of PAH fraction of sewage sample. Chromatographic condHlons as In Figure 1. 

Table II. Range of PAH Concentration (ppb) in 15 
Sewage Samples 

no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

compound 

fluorene 
phenanthrene 
anthracene 
fluoranthene 
pyrene 
chrysene 
benz[a]anthracene 
benzo[j]fluoranthene 
benzo [e ]pyrene 
benzo[b ]fluoranthene 
perylene 
benzo[k ]fluoranthene 
benzo[a ]pyrene 
dibenz[a,c ]anthracene 
dibenz[a,h ] anthracene 
benzo[ghi]perylene 

conen range, ppb 

0.5-2.0 
0.5-10.0 
0.1-1.0 
0.5-5.0 

11.0-27.0 

0.1-24.0 

14.0-52.0 
1.0-5.5 

0.7-2.0 

l.0-5.5 
0.6-6.5 
0.8-4.5 
0-6.64 
0-10 

multiplied to be able to compare it with the peak area of 
the internal standard, benzo[blchrysene. In this way, 
differences due to various absorbance readings of the 
compounds at identical concentrations have been cor
rected. In figure 2 a chromatogram of the separation of 
the hydrocarbon fraction from a sewage sample is shown. 
In Table II the results of the determination of 16 PAH's 
in 16 sewage samples are summarized. The precision of 
the method was estimated as 3.6% in terms of standard 
deviation. The recovery was estimated by using doubly 
distilled water to which 15 identified P AH's were added 
at a level of 2 ppb each. The mean recovery was 90%. 

Conclusions 

The method enables simultaneous determination of 15 
PAH's in sewage effluents. The use of the internal 
standard and correction factors, Sk, allows the elimination 
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of estimating the recovery after each run and the use of 
calibration curves for particular hydrocarbons. The me
thod allows monitorization of the levels of PAH's, most 
of which are carcinogenic, in each discharge from the pu
rification plant. This is particularly advantageous in in
dustrial plants, for instance, operating oil refineries. 
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Patrick J. Set8er, Norman L. Gulnano, Jr" Nen L. Condra,t Denis A. Wlesenburg,* and David R. Schlnk* 

Department of Oceanography, Texas A&M University, College Station, Texas 77843 

• The system described here uses a hose-cable combi
nation to tow a fishlike body containing a pump and a 
CSTD (conductive-sa1inity-temperature-depth) probe at 
depths of 135 m (or less) while the towing vessel is un
derway at speeds in excess of 5 m s-' (10 kn). This survey 
unit has the capability of pumping 6 L/min of seawater 
to analytical equipment on deck while simultaneously 
measuring the salinity, temperature, and depth at which 
the towed body is deployed. An on-deck data acquisition 
system automatically records physical, chemical, and bi
ological data and provides real-time displays that can be 
used to modify the design of the survey as it is conducted. 
Optimum utilization of this system requires a heavy in
vestment in analytical equipment and is therefore best 
accomplished by multidisciplinary programs. Such oper
ation generates far more data than are normally obtained 
by oceanographic vessels and can substantially increase 
the efficiency of research ship uti1ization for studies of the 
"mixed" layer. 

Introduction 
Studies of variability in the mixed layer of the ocean 

require sampling techniques that differ from the conven
tional oceanographic hydrographic cast taken on station. 
A variety of physical techniques have been developed for 
underway measurements by using in situ sensors with 
varying success, e.g., towed thermistor chains or expend
able bathythermographs. Chemical studies generally are 
limited by the absence of effective in situ sensors; notable 
exceptions include the salinometer, oxygen electrode, and 
pH electrode. In situ fluorometers have also been deployed 
(1) for the estimation of chlorophyll, but most chemical 
measurements can only be done in the laboratory. For 
such measurements, detailed studies are best accomplished 
by pumping water continuously while underway from some 
selected depth or from various depths. The problems of 
doing so, various procedures attempted, and some of the 
successes are described in ref 2. 

One system for underway sampling has been developed 
by the Department of Oceangraphy at Texas A&M 
University. The system described here has been modified 
from the original system described by Wiesen burg and 
Schink (3) . 

The System 
Fish. The underwater vehicle ("fish") (Figure 1) is 

constructed from aluminum alloy and is controlled by 
lowering or raising the hose-cable. Our design relies, for 
the most part, on dynamic depression by the wing, which 

I Present address: Datapoint Corp., 9725 Datapoint Dr., San An
tonio, TX 78284. 

t Present address: Naval Ocean Research and Development Ac
tivity (NORDA), NSTL Station, MS 39529. 

gives it an effective weight of 225 kg at a speed of 5 m s-'. 
The fish has good stability when towed through the water. 
It is convenient to handle and work on and is easy to 
launch and recover. Access is gained through a large hatch 
on top; space is available inside for additional sensors. 

In Situ Instruments. Instruments mounted in the fish 
include a CSTD (conductivity-salinity-temperature
depth) unit and a pump-motor unit. The submersible 
pump, a 12-stage centrifugal (Berkeley Pump Co., Model 
4AL12) is driven by a 1.5 HP submersible motor (Franklin 
Electric, Model 23431441) operating on 3-phase 220-V 
power. Seawater is pumped at the rate of 6 L min-i. The 
pump delivers water at about 180 psi (1240 kPa) to the 
hose, which forms the core of the tow cable. An inlet pipe 
extends forward through the nose of the fish to sample 
water that has not come in contact with the body. 

Cable and Fairing. The hose-cable (Consolidated 
Products) consists of 180 m of stainless steel armored 
jacket enclosing 20 electrical conductors (no. 20 copper 
wire) that are imbedded in plastic and are wrspped around 
a nylon hose. The two-layered armor braiding has a 
4500-kg minimum breaking strength, far exceeding loads 
imposed by the fish. Power to, or signals from, the pump 
motor, CSTD, and other instruments mounted in the fish 
are provided through the conductors. The nylon hose (0.95 
cm i.d.) transports water from the fish to the shipboard 
laboratory for analysis. 

The cable is enclosed in a segmented fairing (Fathom 
Oceanology Flexnose fairing), which reduces the cable drag 
coefficient from 1.2 to 0.13, approximately doubling the 
depth achieved by the fish. 

Winch and Framework. The winch and framework 
are shown in Figure 2. At its upper end the towing cable 
divides, with electrical connections passing through the 
drum axle to a slip-ring assembly and the cable hose 
connecting to a watertight rotary coupling on the drum 
hub. Only one layer of cable can be wound onto the winch 
drum because the rigid fairing stands straight out from the 
drum. The drum is 2.1 m in diameter and holds 27 turns 
of hose-cable plus fairing. 

An articulated U-frame provides flexibility in handling 
the fish. The upper frame holds a 0.9 m diameter sheave 
on a screw-geared shaft, that serves as a level-wind for the 
cable. Hydraulic rams adjust the position of the upper 
frame and connect to a pneumatic accumulator, which 
serves as a shock absorber for transient stresses on the 
cable. The lower part of the frame can be pivoted out 
(hydraulically) to extend substantially beyond the stern 
of the towing vessel. 

Other Shipboard Equipment. Analog signals from the 
CSTD are continuously recorded on a 12-pen strip chart 
recorder. The signals are also passed through an analog
digital converter and logged on a shipboard computer 
(Hewlett-Packard 2100A). During a recent cruise, water 
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from the submerged pump was supplied to a Turner De
signs fluorometer fitted with a flow-through cuvette and 
to a 4-channel Technicon Autoanalyzer II system. Con
tinuous fluorescence and nutrient measurements were 
logged on analog recorders and digitized by the computer 
system. 

Data management is accomplished by using TALK, an 
interactive data acquisition and display program that 
stores data on disk and also transfers the data to magnetic 
tspe for later analysis. The program logs time, windspeed, 
wind direction, and the ship's position. Chemical, physical, 
and biological data can be displayed and plotted as they 
are recorded. TALK also generates maps of the cruise track 
and several data reports. 

Performance 

The modified system was first deployed from the R/V 
GYRE on Cruise 80-G-6B in the Atlantic Ocean off the 
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eastern U.S. coast during July-August 1980, effectively 
collecting continuous underway measurements. Launching 
and recovery of the fish were easily and safely accom
plished. When the arms of the framework are deployed 
outboard, the fish can enter or leave the water hanging 
from only 0.5 m of free cable. This virtually eliminates 
any swinging or banging of the fish against the stem of the 



Table I. Properties of Turbulent Flow in a Hose 

Constants for TAMU Towed Pumping System 
U o = towing speed = 6 kn = 300 em s" 
L = length of hose = 200 m = 2 X 10' em 
a = inside radius 3/8 in . i.d . = 0.5 em radius 
Q = flow rate = 6 L min" = 100 em' s" 
R = Reynold's no . 

Equations 
u = mean flow velocity = Q/rra' 

= 100(3.14 X 0.5'), ' em's" em" 
= 127 em s" 

R = Reynolds no. = 2 au /v = 12700 
T = time delay through the hose = L /u 

= 2 X 10'(127 ), ' em em" s 
= 157 s 

S = sample smear" = (4 .02 X a X L x R'''')'''uou'' 
= (4.02 X 0. 5 X 20000 X 0.307)' " X 300 X 127" (cm 

cm)1 /2 em S-1 em- I s 
= 262 cm 

T = smear duration = S /uo 
= 262(300)" em cm" s 
= 0.87 s 

a An impulse entering the hose exits approximately as a 
Gaussian distribution . Sample smear, S, is tbe standard 
deviation of that distribution. See Guinasso et aI. (5) for 
the derivation of the sample smear equation. 

ship during retrieval. The fish could actually be lanched 
or recovered single-handed, although normal practice in
volves two or three persons. 

Deployment to maximum depth could be accomplished 
in 5 min, but recovery was slower because of the require
ment that the fairing stand up perfectly straight as the 
hose is spooled onto the drum. When retrieving the fish 
the ship's speed was normally lowered to 4 kn (2 m S'I), 

substantially reducing the strain on the hose-cable. 
However, both deployment and retrieval could be accom
plished at full speed (5 m S'I). 

Some data obtained during R/V GYRE Cruise 8O-G-6B 
suggest the potential of continuous deep-towed sampling. 
The fish was towed into a transition zone between the Gulf 
Stream and slope water at selected depths for various 
periods of time. The Oceanographic Analysis for this time 
period (4) shows the northern edge of the Gulf Stream 
bounded by a tongue of cool water extending from the east; 
to the north of this tongue there is a stream of warm water 
apparently flowing westward. This interweaving of water 
types results in a transition zone between Gulf Stream and 
slope water. We entered this transition zone at -0700 as 
the ship steamed north. At 0730 the fish was lowered 
slightly and the ship turned around to steam south, leaving 
the transition zone and reentering the Gulf Stream proper 
at about 0800. Figure 3 shows a plot of depth, tempera
ture, salinity, fluorescence, dissolved nitrate plus nitrite, 
chlorophyll and phaeopigments collected from 0600 to 
0900. Corresponding changes can be observed in the 
various parameters as the fish is lowered and the Gulf 
Stream front is encountered. The chlorophyll a and 
phaeopigment concentrations were determined by stand
ard laboratory analyses of water samples pumped from 
depth. 

The deep-towed pumping system can explore chemical 
and biological properties that cannot be observed by in situ 
sensors, as the ship steams over different waters. Some 
smearing of the variations in water properties occurs as 
water passes up through the hose. Guinasso et al. (5) have 

described problems inherent to pumping samples through 
long hoses: smearing and mixing in dead volumes. Table 
I gives characteristics of our system. One important con
clusion is evident from their treatment: longer hose sys
tems inherently degrade the resolution; and ship's speed 
must be reduced in proportion to hose length if resolution 
is to be maintained. Very high pressure pumps might 
partially overcome the loss in resolution due to hose length, 
but that remedy is limited. 

Conclusions 

Water samples and in situ measurements can be taken 
throughout the mixed layer while an oceanographic vessel 
is underway at speeds in excess of 5 m S·I. This capability 
provides the potential for a great increase in our under
standing of mixed-layer processes. Deployment of this 
system requires a heavy investment in associated analytical 
equipment plus an appropriate team of analysts and op
erators. A substantial program of data management must 
also be provided to utilize the full potential of this sam
pling system. 
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Rates of Reaction of Hydroxyl Radicals with 2-(Dlmethylamlno)ethanol and 
2-Amlno-2-methyl-1-propanol In the Gas Phase at 300 ± 2 K 

Geoffrey w. Harrl8 and James N. PHts, Jr. * 

Statewide Air Pollution Research Center, University of California, Riverside, California 92521 

• The rates of the reactions of OH radicals with 2-(di
methylamino)ethanol and 2-amino-2-methyl-I-propanol 
have been determined by using a flash photolysis-reso
nance fluorescence technique to be (4.7 ± 1.2) x 10-11 and 
(2.8 ± 0.5) x ~O-I~ cm3 molecule-I S-I, respectively, at 300 
± 2 K. Implications of the increased use of these com
pounds (as paint solubilizers) on air quality are discussed. 

The recent proposal by the California Air Resources 
Board (1) of a new policy to control solvent emissions from 
assembly line paint operations has led.to the increased use 
of low-solvent (i.e., waterborne and high solids) coatings 
for these purposes. Such coatings contain (as solubilizers) 
significant quantities of amines, in particular 2-(di
methylamino)ethanol, (CH3)2NCH2CH20H (DMAE), and 
to a lesser extent, its structural isomer 2-amino-2-
methyl-I-propanol, (CH3)2C(NH2)CH20H (AMP). The 
occurrence of such amines in these finishes raises the 
possibility that one air quality effect (i.e., reduction of 
oxidant formation) may be traded for another potential 
health effect (i.e., formation of nitrosamines or nitramines) 
from amine precursors and oxides of nitrogen in air (2, 3). 

The major loss process for both DMAE and AMP in 
polluted urban atmospheres is expected to be reaction with 
the hydroxyl radical. Thus, we report here results of direct 
measurements of the absolute rate constants for the re
action of DMAE and AMP with hydroxyl radicals at 300 
± 2 K using the flash photolysis-resonance fluorescence 
technique. 

The experimental technique employed involves forma
tion of OH radicals in a flow system by pulsed vacuum 
ultraviolet photolysis of H20 at X ~I05 nm and monitoring 
their resulting decay rates by detection of the OH reso
nance fluorescence band at 306.4 nm (A2~+, V = 0 -+ x 2rr, 
v' = 0) with a cooled photomultiplier tube. This technique 
has been described in detail previously (5-7) and thus need 
not be discussed further here. The reaction was studied 
at 50 ± 1 torr total pressure of argon. The concentration 
of the amines in the argon flow was determined by UV 
absorption at X 200--225 nm. 

The observed decays of the hydroxyl radical concen
tration were always exponential, and the first-order decay 
rates are shown as a function of DMAE and AMP con
centration in Figures 1 and 2, respectively. Variation of 
the flash energy by a factor of 2 had no effect on the decay 
rates within experimental error nor had an increase in the 
total pressure of argon to ~ 100 torr. The slopes of the 
least-squares lines shown in Figures 1 and 2 yield the 
following rate constants for the reaction of hydroxyl rad
icals with DMAE and AMP at 300 ± 2 K: 

kl(DMAE) = (4.7 ± 1.2) X 10-11 cm3 molecule-I S-I 

kl(AMP) = (2.8 ± 0.5) X 10-11 cm3 molecule-I S-I 

The error limits reflect twice the standard deviation of the 
slopes in Figures 1 and 2 plus the estimated uncertainties 
(10:0) invol~ed in measuring flow rates, pressures, and 
optical denSity at the wavelengths used. 

This is the first rate measurement for the reaction of OH 
with AMP to be reported in the literature, but Anderson 

and Stephens (8) report a value of (8~l> X 10-11 cm3 
molecule-I S-I for OH + DMAE over the temperature range 
269-364 K, which is about 40% higher than that obtained 
in this study. The reason for this difference is not clear 
especially since the experimental method (8) was ver; 
similar to the present one (5-7). 

Taking the average hydroxyl concentration in the urban 
atmosphere to be ~3 X 106 molecules cm-31eads to esti
mated lifetimes (lIe) for DMAE and AMP of approxi
mately 2 and 4 h, respectively, under such conditions for 
oxidation by OH radicals. It is interesting to specula~ on 
the fate of the radicals produced in these reactions under 
atmospheric conditions. Although no mechanistic infor
mation was obtained in this study, comparison of the 
measured rate constants with those for OH reactions of 
other molecules containing similar groups can provide in
sight into the branching ratios for the possible mechanisms. 
Thus, consideration of the rate for OH + trimethylamine 
(6.2 X 10-11 cm3 molecule-I S-I (9» leads to the conclusion 
that H abstraction from each N-methyl group contributes 
~2.0 X 10-11 cm3 molecule-I S-I to the overall rate (or 
~0.67 X 10-11 cm3 molecule-I S-I per C-H bond). Further 
the reactivity of the alcohols methanol, ethanol, and pr~ 
panol toward OH (10, 11) may be used to deduce that the 
-CH2CH20H group contributes ~0.3-o.4 X 10-11 cm3 

molecule-I S-I to the reactivity of n-propanol. Hence, we 
may estimate the rate constant for OH + DMAE to be 
~6(0.67 X 10-11) + (0.4 X 10-11) ~ 4.4 X 10-11 cm3 mole
cule-I sot, in reasonable agreement with the measured 
value. The slightly higher value of the measured rate 
constant may reflect higher reactivity for the N-bonded 
rather than C-bonded -CH2CH20H group. On the basis 
of this argument, we may conclude that H abstraction from 
the N-methyl groups dominates in the reaction of OH + 
DMAE and constitutes ~SO--80% of the overall reaction. 
The subsequent reactions of the radical produced in this 
dominant path may be as follows: 

CH3NCH2CH20H + HCH() 

III 

where scission of radical II is expected to occur more 
rapidly than H abstraction by O2 from the radical center. 
The atmospheric chemistry of the dimethylamino (DMA) 
radical, which is analagous to the N-centered radical III 
has been investigated by previous workers (2,3, 12), wh~ 
have concluded (12) that addition of NO and N02 to DMA 
to form nitrosamines and nitramines is in excess of 107 

ti~es faster than reaction with O2, In sunlit atmospheres, 
which are a prerequisite for significant OH concentrations 
the nitrosamine formed from III will rapidly photodiss~ 
ciate, thus it is likely that the major N-containing product 
from DMAE will be the photostable nitramine derivative 
of III, CH3(CH2CH20H)NN02• 

Arguments based on the OH rate constants for methy
lamine (2.2 X 10-11 cm3 molecule-I S-I (13», ethylamine (2.8 
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X 10-11 cm3 molecule-I S-I (11)) and for ethanol (0.33 x 10-11 

cm3 molecule-I S-I (10, 11» indicate that, although ab
straction from C-H bonds usually is faster than from N-H 
bonds in primary amines, in the case of AMP the absence 
of hydrogen on the ex carbon suggests that G-H abstraction 
would also be slow. Thus the reaction would most likely 
proceed by abstraction from the primary amino group 
giving radical IV. 

IV 

The only likely fates of radical IV under atmospheric 
conditions seem to be given in eq 1-3. 

The suggested pathways involving loss of methyl (or 
methanolic) groups are somewhat unusual, and product 
studies of the photooxidation of AMP (or of the more 
symmetrical tert-butylamine) may prove instructive as well 

H 
+NOZ /' 

IV (CH,12(CH20 H IC -N "- (I) 
N02 

IV ~ CH''-C=N_H (2) 
/' 

CH,OH 

~ 
CH, 

IV "C=N-H (3) 
/' 

CH, 

as aid in assessing the atmospheric yield of the nitramine 
from IV (analogues of which are carcinogenic in laboratory 
animals (14, 15)). 
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Availability of Elements of Environmental Importance In Incinerated Sludge Ash 

James L. Frasert and Ken R. Lum*·t 

Wastewater Technology Centre and National Water Research Institute. Canada Centre for Inland Waters. Burlington. Ontario. 
Canada L7R 4A6 

• An incinerated sludge ash from an industrialized urban 
area was analyzed by a sequential chemical extraction 
procedure to determine the chemical forms andyotential 
availability of P, AI, Cd, Co, Cr, Cu, Fe, Mn, NI, Pb, and 
Zn. All 11 elements are relatively immobile with residual 
chemical forms comprising between 70% (P) and 97.7% 
(Pb) of the total elemental concentrations. The potentially 
toxic metals Cd, Cr, Cu, Ni, Pb, and Zn are ca. 90% in 
unavailable forms. 

Introduction 

Ever-increasing quantities of sewage sludge are inevi
table byproducts of growing urban populations and in
dustrial processes. An increasingly acceptable method of 
sludge management is incineration, which yields an ash 
weighing ca. 10% of the original dewatered sludge cake 
(1-5). Because the ash residue after incineration contains 
concentrations of metals ca. 4 times those found in dried 
sludge, with several at concentrations greater than 1 % (2, 
3, 5, 6), problems have been encountered in decidi~g upo?, 
final disposal sites because of concern about poSSible sod 
and groundwater contamination (2, 3, 6). Several options 
have been suggested for the ultimate disposal of the res
idue, e.g., in structural fill and road subbases, as a soil 
stabilizer, in concrete additive, and in building block 
material (1). Some measure of their mobility and bioa
vailability is required in order to evaluate the probable 
environmental effects of the high concentrations of po
tentially toxic metals and phosphorus in such residues. 
However, because of the complexity of biological systems 
there is no single bioassay technique that can be used to 
evaluate the availability of elements to terrestrial and 
aquatic plants and animals, including man, from soils, 
sediments and sludges (5, 7, 8). As a result there have been 
numerous studies that have employed a wide variety of 
chemical extraction procedures in order to assess the bi
ological significance of elements in soils, sediments, and 
sludges. These procedures are usually based on the same 
principle-successive extractions of conceptually distinct 
lithological or authigenic fractions representing a scale of 
elemental forms ranging from the most mobile to those 
strongly bound to the support mineral. It would be un
realistic to expect a simple relationship between the con
centrations of elemental forms in anyone extract and their 
bioavailability. For example, for plants, elemental avail
ability depends on prevailing soil conditions and on the 
element in question; elemental uptake is species depend
ent, and the concentrations will vary within the plant and 
as a function of the stage of growth (7). Nevertheless, 
chemical extraction procedures, though they may not be 
perfectly selective, can provide valuable information on 
the mobiiity and availability of elements in soils, sedi
ments, and sludges to a variety of animals and plants 
(7-13). 

In this note, we have determined the ease of leaching 
of P, AI, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn in in-

tWastewater Technology Centre. 
I National Water Research Institute. 

Table I. Analytical Conditions for D.C. Argon Plasma 
Atomic Emission Spectrometry 

limit of 
wavelength, output determination, 

element nm slita mgL-' 

Al 308.22 A 0.050 
Cd 228.80 A 0.008 
Co 238.89 B 0.012 
Cr 425.44 A 0.004 
Cu 324.75 A 0.004 
Fe 259.95 A 0.050 
Mn 257.61 A 0.008 
Ni 341.48 A 0.004 
Ph 405.75 A 0.024 
Zn 213.86 B 0.012 
P 214.91 B 0.050 

a Output slit dimensions: (A) 25 I'm X 100 I'm; (B) 50 
I'm X 200 I'm. Input slit dimension: 50 I'm X 200 I'm. 

cinerated sludge ash by using a sequential extraction 
scheme as described by Tessier et al. (14). This procedure 
was selected because it is one of the most thoroughly re
searched and analytically well-documented schemes 
available. The procedure will simulate to a certain extent 
the various environmental conditions to which this ma
terial may be subjected; deductions can thus be made 
about elemental levels that may be observed under these 
conditions in the environment. 

Analytical Methodology 
The sludge ash was obtained from the Hamilton (On

tario) Municipal Incinerator, which was operated at tem
peratures ranging from 760 to 960 DC. The secondary 
digested sludge was filtered on Komline-Sanderson coil 
vacuum filters prior to being fed to the multiple-hearth 
(9) BSP incinerator. The ash was gound to pass a 200 
mesh screen and mixed by rolling for 24 h to ensure ho
mogeneity. Six 2.0-g subsamples were weighed into 5O-mL 
polysulfone (DuPont) centrifuge tubes. The extraction 
procedure partitions the elements into the following five 
fractions (14): 

Fraction A. Exchangeable Metal Ions. The ash 
samples were extracted for 10 min with 8 mL of 1 M MgCl2 
at pH 7.0, with continuous agitation using a Burrell 
wrist-arm shaker. 

Fraction B. Surface Oxide and Carbonate-Bound 
Metal Ions. The residue from A was extracted for f h 
with 8 mL of 1 M sodium acetate adjusted to pH 5.0 with 
acetic acid. Continuous agitation was maintained during 
the extraction. 

Fraction C. Metal Ions Bound to Fe-Mn Oxides. 
The residue from B was extracted for 6 h at 90 ± 5 DC with 
20 mL of 0.04 M hydroxylamine hydrochloride in 25% 
(v Iv) acetic acid, with occasional agitation. 

Fraction D. Metal Ions Bound to Organic Matter 
and Sulfides. The residue from C was extracted with 3 
mL of 0.02 M nitric acid and 5 mL of 30% hydrogen 
peroxide (adjusted to pH 2) by slowly heating the mixture 
in a water bath to 90 ± 5 DC. The samples were period
ically agitated, and after 2 h a second 3-mL aliquot of 30% 
hydrogen peroxide was added and the mixture heated to 
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Table II. Distribution of the Chemical Forms of 11 Elements in Hamilton Incinerated Sludge Ash (n 6; Units in "g g-' 
or % (Dry Weight» 

fraction AI Cd Co Cr Cu 

A mean nd nd nd 1.9 nd 
SIl" 

B mean 0 .6 nd nd 0.1 nd 
SD 0.1 0.04 

C mean 30 0.11 2.7 4.1 1.1 
SD 7 0.05 0.6 0.5 0.4 

D mean 1180 1.1 5.3 10.0 300 
SD 340 0.2 0.9 2.6 50 

E mean 4.25% 9 .7 130 5260 2560 
SD 0.20% 1 7 200 110 

a Standard deviation. b None detected . 

90°C as before. After 3 h, 5 mL of 1.2 M ammonium 
acetate in 10% (v Iv) nitric acid were added, and the 
samples were diluted to ca. 15 mL and agitated for 30 min. 

Fraction E. Residual Metal Ions. The residue from 
D was dislodged and transferred to a Teflon beaker with 
a fme spray of 0.02 M nitric acid. The slurry was s~ered 
overnight with the addition of 10 mL of aqua regia and 
3 mL of 30% hydrogen peroxide. The volume was care
fully reduced to ca. 2 mL, and 10 mL of hydrofluoric acid 
and 3 mL of 30% hydrogen peroxide were added. Finally, 
5 mL of concentrated hydrochloric acid and 10 mL of 
distilled water were added, and the solution was heated 
for 1/2 h. The final extract was made up to 100 mL in a 
volumetric flask and stored in a polyethylene bottle. 

The extractions, A-D, were carried out in 50-mL cen
trifuge tubes; after each extraction separation was effected 
by centrifuging (Sorvall SS-3) at 13000 rpm (20000g) for 
30 min. The supernatants were decanted and made up to 
25 mL (fractions A and B) or 50 mL (fractions C and D) 
and stored in polyethylene bottles. All samples were kept 
at 4 °C until they were analyzed. The concentrations of 
the 11 elements were determined by D. C. Argon Plasma 
Atomic Emission Spectrometry (DCPAES) by using a 
Spectraspan III three-electrode system (Spectrametrics 
Inc.) equipped with a multielement cassette and a DBC-33 
background compensator module. The analytical condi
tions are summarized in Table I. All determinations were 
made by using the Hi 12 position on the DBC-33 back
ground compensator. The Cd determination was done 
separately by using the 228.80-nm line in conjunction with 
the background compensator set at the Hi 12 position. It 
was found that for these extracts insufficient compensation 
was obtained by using the multielement cassette in which 
the line selected for Cd is 214.44 nm. Prior to running 
samples, the DBC-33 was used to obtain emission spectra 
of pure single-element standard solutions (2 mg L -I con
centrations) and the various sample matrices; on the basis 
of these spectra, which span ca. 1 A on each side of the 
emission peak wavelength, the Hi 12 absolute correction 
option was selected as a compromise for the 11 elements. 
In the case of Cu, Ni, Zn, and P, correction had little or 
no effect on the analytical results. The need for back
ground compensation was found to be necessary in most 
cases for Cd, Co, Cr, and Pb. Calibration stability was 
monitored every seventh sample (matrix change). Re
calibration was done when the standard run as a sample 
showed a 10% drift. 

Results and Discussion 

The distribution of the 11 elements in the five fractions 
are presented in Table II. For each element, the ~um of 
the five ff actions has been compared (Table III) With the 
recommended total metal concentration data reported by 

Fe Mn Ni Pb Zn P 

nd 0.08 0.08 nd nd 3.4 
0.03 0.Q1 0.9 

nd 5.1 0.7 2 nd 13 
2.2 0.3 0.2 7 

110 118 13.5 25 480 1120 
20 36 1.0 3 50 230 
21.0 240 22 28 850 11770 
70 50 3 8 140 2670 
13.4% 1400 726 2220 12080 30900 
1.2% 100 40 100 380 2700 

Table III. Comparison of Total Elemental Concentrations 
in Hamilton Incinerated Sludge Ash (Units in "g g-' 
or % (Dry Weight)) 

element this work ref 15 ref 16 

AI 4.36 ± 0.20% 3.8 ± 0.6% 
Cd 10.9 ± 0.9 9 ± 1 
Co 140 ± 7 100 
Cr 5280 ± 200 5200 ± 600 4870 
Cu 2870 ± 110 2500 ± 300 
Fe 13.5 ± 1.1% 13.0 ± 1.0% 14.6% 
Mn 1750 ± 100 1500 ± 100 
Ni 760 ± 45 640 ± 100 690 
Pb 2270 ± 100 1600 ± 400 
Zn 13440 ± 1100 14000 ± 3000 13900 
P 43810 ± 1150 50000 ± 4000 

Knechtel and Fraser (15) and the neutron activation 
analyses communicated by Van der Sloot (16) for sub
samples of the same incinerated sludge ash analyzed in. this 
study. The precision of the total element concentratIOns 
for the present work is in all cases better than 10% and 
for seven elements less than 5%. There is acceptable to 
good agreement with the other reported data except for 
Co and Pb. The spectra for Pb indicate that the peak 
emission is superimposed on a high sloping background; 
the 238.89-nm Co line also shows elevated background 
intensities. The results in Table III indicate that back
ground compensation is not completely effective for these 
two elements. 

From an environmental impact perspective, the data in 
Table II show that in general, the 11 elements are relatively 
immobile with the residual forms accounting for at least 
70% (P) to 97.7% (Pb) of the total elemental concentra
tion. The potentially toxic elements, Cd, Cr, Cu, Ni, Pb, 
and Zn are 90% in unavailable forms. 

The small but measurable amounts of Al, Cr, Mn, Ni, 
Pb and P present in fractions A and/or B could be re
le~ed if the sludge ash were to come in contact with ice 
and snow-melt contaminated with road salt or as a result 
of contact with acid-laden snow-melt or acidic rainfall (17). 
The elemental forms in fraction C are potentially mobile 
under reducing conditions. However, migration of these 
forms would be limited by precipitation occurring at ox
idizing horizons and/or mixing with oxygenated water. 
Because sulfides and organic matter are decomposed 
during incineration, the elemental concentrations mea
sured in fraction D likely indicate attack of the refractory 
residual phases which are nonavailable. 

The preceding results can be contrasted with those of 
Stover et al. (18), who reported that Cd and Pb in sludge 
were mainly associated with carbonates, whereas Cu and 
Ni were found mainly as sulfides and exchangeable forms, 
respectively, and only ca. 10% of these two. metals we~e 
in an organic form. Zn was present mostly In an organic 
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As atmospheric chemists with some experience in the 
design, construction, and operation of a variety of envi
ronmental chambers (4, 6) and computer modeling of 
chamber data (7, 8), we have learned that extrapolation 
of results from any environmental chamber experiment to 
ambient atmospheric conditions must be carried out with 
extreme caution. Thus, while the great majority of smog 
chamber experiments (Glasson's included) involve con
tinuous irradiations simulating single-day conditions, se
vere air pollution periods in the CSCAB typically consist 
of multiday episodes that involve a high degree of day
to-day carryover (9) of such key pollutants as N02, per
oxyacetyl nitrate (PAN), formaldehyde (HCHO) and 
higher aldehydes, and nitrous acid (HONO). 

The noncriteria pollutants formaldehyde, nitrous acid, 
and PAN are the major early morning sources of hydroxyl 
radicals (OH), which drive the oxidation processes involved 
in photochemical smog (10, 11); as such their concentra
tions are critical inputs to any simulation model. Unfor
tunately, until recently there has been little information 
available on the actual ambient levels of these noncriteria 
pollutants as a function of altitude, time of day, and lo
cation in the CSCAB. For example, ambient nitrous acid 
data were nonexistent until our recent long-path-length 
spectroscopic studies showed significant levels (up to 8 
ppb) during night and early morning hours at downtown 
Los Angeles (DTLA) (12) and somewhat lower levels at 
several downwind locations (13). 

Furthermore, neither the data from single-day chamber 
irradiations nor time-concentration profiles developed 
from IQ-12-h computer simulations can adequately de
scribe Southern California's complex nighttime smog 
chemistry and meteorology. In particular, the stable 
meteorological conditions that generally occur at night 
result in a significant stratification of pollutants that 
cannot be simulated in smog chambers or by models va
lidated against smog chamber data. 

Finally, another problem with extrapolating smog 
chamber data to the ambient atmosphere arises from the 
occurrence of chamber-specific heterogeneous processes. 
The major chamber effects relevant to NO. control are 
heterogeneous N20 s hydrolysis (7) and chamber-dependent 
excess radical sources (7, 14, 15). Thus, we have recently 
demonstrated that unknown sources of OH radicals are 
important in smog chamber systems (14, 15), and this 
effect must be taken into account when applying chamber 
results to the atmosphere. Indeed, our calculations have 
shown that the presence of radical sources significantly 
alter the predicted effects of NO. on 0 3 formation (16). 

(b) The papers by Chock et al. (2) and Innes (3) have 
some significant scientific problems; the latter paper also 
contains serious errors and, we feel, omissions of relevant 
information. We shall treat these later. 

(c) These authors either ignore (1,2) or oversimplify and 
confuse (3) certain critical air quality issues such as (i) the 
relative health impacts of 0 3 vs. N02 and its associated 
nitrogenous copollutants and (ii) the potential impact of 
increases in NO. emissions on ambient levels of nitric acid 
and nitrate aerosols. Such problems face not only southern 
Californians but residents of air basins throughout the U.S. 
impacted by photochemical smog and/or acid rain. 

For example, although N02 time-concentration profiles 
were determined by Glasson (and maximum N02 values 
were shown to increase with increasing initial NO. con
centrations), no experimental data were reported for the 
species PAN and HN03 (1). These are formed along with 
0 3 and N02 (in chambers and ambient atmospheres) and 
determinations of their yields as functions of initial NO. 
levels are required for an understanding of reaction 

mechanisms in irradiated HC-NO.-air systems, as well as 
for assessing air pollution impacts on health, agriculture, 
and the environment associated with increasing NO. 
emissions. 

In this regard, Spicer (17), in his very recent study, 
"Nitrate/Precursor Relationships in Urban Air-A Smog 
Chamber Investigation", obtained good nitrogen balances 
(>90%) in his irradiated HC-NO. systems and made ac
curate measurements of nitric acid and PAN concurrently 
with 0 3 and N02• He observed that for a given HC mix 
there was a linear relationship between [HN031max and 
initial NO. concentrations and concluded "At HC/NO. 
ratios typical of morning conditions in many cities, i.e., 
~5--1O, 25-50% of the initial NO. can be converted to 
organic and inorganic nitrate within the first three hours 
of reaction." 

He further showed that initial NO. is transformed al
most totally into PAN and HN03• Since PAN is thermally 
unstable (18), it is degraded to N02 and hence to HN03• 

Thus, the ultimate atmospheric sinks of NO. are mainly 
HN03 (or nitrate particulate), together with much lesser 
amounts of organic nitrates. These results (17) are highly 
relevant to the NO. vs. HC controversy because they ex
perimentally confirm the view that increasing NO. emis
sions will ultimately lead to a proportionate increase in 
nitrate levels (as nitric acid or particulate nitrate), which 
will be manifested as acid rain, acid fog, or dry deposition. 

In summary, increasing NO. emissions will lead to in
creased frequency and severity of acid fogs (19) as well as 
of acid rain. This is not only of concern in California (20) 
and other western states, but also in the northeastern 
United States and Canada, as well as in northern European 
countries. 

Now let us consider in somewhat more detail the paper 
by Chock et al. (2). Our major concern is that these au
thors drew such generalized conclusions about the at
mospheric consequences of relaxing NO. control strategies 
in southern California on the basis of several I-day simu
lations using a trajectory model of limited reliability 
and/or applicability to the CSCAB. For example, as stated 
earlier, I-day computer simulations cannot reliably predict 
ozone and N02 levels during typical multiday smog epi
sodes. Indeed the authors tacitly acknowledge this in their 
statement "Since the model does not take into account 
vertical wind and vertical wind shear, its application should 
be confined to a daytime, nonstagnant, convective period 
over relatively smooth terrain." 

Furthermore, the chemical model they employed (21) 
must now be regarded as being outdated and deficient in 
several respects. While the effects of such deficiencies in 
the chemical mechanism on computer time-concentration 
profiles cannot be predicted a priori, clearly newer, and 
more chemically accurate, mechanisms should be em
ployed. Furthermore, the ability to simulate the multiday 
episodes associated with the highest pollutant levels must 
be developed before substantial faith can be placed in the 
predictions of such simulations. 

Although Chock et al. (2) state "However, like the grid 
models, because of the lack of measurements for most 
chemical species, estimations are required in specifying the 
initial conditions", they do not emphasize that the results 
obtained with their model are critically dependent upon 
the particular initial conditions chosen (21,22). This could 
be especially important since their two trajectories start 
at 0700 near DTLA, which, at that time of the morning, 
usually has an atmosphere already heavily polluted with 
ozone precursors (both fresh emissions and any pollutant 
carryover from previous days), many of whose concentra
tions are unknown. 
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There are also significant discrepancies between the 
model "base-case" predictions and the actual air quality 
data against which the model was tested. For example, 
on Oct 15, 1973 (a moderate 0 3 day) , the measured 
[N02lmu was 0.32 ppm (at 1100), but the base-case pre
diction was only ~O.IS ppm, a discrepancy of a factor of 
2. In addition, for the base run of July 31, 1973 (a high 
ozone day) , the authors state "the agreement is good for 
NO and N02 and acceptable for 0 3 and CO." In fact there 
is again a difference of a factor of 2 between the measured 
NO concentration (0.08 ppm) and that calculated by the 
model (0.04 ppm) at 0800. 

Additionally, we do not find "acceptable" a difference 
of more than a factor of 2 between the observed [COl .... 
of 6 ppm at 1300 and a calculated value at that time of 
only 2.5 ppm. Also troublesome is the fact that the cal
culated [COl ..... occurred 5 h earlier at 0800. The fact that 
their model predictions (or its input) are this inaccurate 
for carbon monoxide, an essentially "nonreactive" primary 
pollutant, indicates a serious problem with their emissions 
and/or transport submodels. Given their difficulty with 
a nonreactive tracer species, we fail to see how one can have 
a great deal of confidence in their model predictions for 
the secondary pollutants ozone, PAN, and nitric acid, 
where complex chemistry must also be taken into account. 

We do not cite these discrepancies to demean the role 
of modeling in atmospheric chemistry, nor do we fail to 
realize that air pollution models may be more useful in 
predicting relative rather than absolute changes in pollu
tant levels as emissions are altered. However, it is im
portant that the nonexpert reading their paper be given 
some perspective on the state of the art of airshed mod
eling and the question of what constitutes "good" or 
"acceptable agreements". 

Turning now to the paper by Innes (3), in his first 
paragraph he states "Maximum ozone concentrations in 
the Loe Angeles basin, instead of decreasing with the ad
vent of catalytic converters, have increased from ca. 0.35 
to 0.45 ppm from 1975 to 1979." Apparently on this basis 
he then concludes "The current strategy of reducing both 
HC and NO. emissions appears to have been ineffective." 
and strongly implies that various modeling studies show 
that only the imposition of NO. controls offers a satis
factory explanation for the purported increase in 0 3 
maxima in Los Angeles from 1975 to 1979. 

We are surprised to see that Innes drew such broad 
conclusions based on only these two data points. It is well 
recognized that in the CSCAB such relatively short-term 
air quality trends reflect primarily the effects of year-to
year differences in meteorology rather than significant 
changes in the emission inventories of HC and NO.. In 
fact, total emissions of NO. were virtually unchanged over 
the period 1975-1981 because the positive effects of Cal
ifornia's strict emission control measures were balanced 
by the rapid population growth in this region. 

For further exploration of this, Table I lists published 
ozone data for the CSCAB for the period 1975-1981. It 
is evident that 1979 was the peak year for ozone; subse
quently the maximum 0 3 value droped to 0.37 ppm in 1981 
(below the value of 0.39 ppm in 1975). The increase in 
ozone levels from 1975 to 1979 and the significant decrease 
in 1980 and 1981 are also shown in other statistically valid 
quantities in Table I such as the numbers of first- and 
second-stage 0 3 episodes during this 7 -year period. Indeed, 
if we were to follow Innes' logic, one would have to con
clude that while catalytic converters and other NO. con
trols were ineffectual from 1975 to 1979, they became 
highly effective in reducing ozone levels in the Los Angeles 
basin in the period 1979-1981! 
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Table I. Selected Air Quality Data for California South 
Coast Air Basina 

1975 
1976 
1977 
1978 
1979 
1980 
1981 

highest 
hourly 
av 0, 

concn in 
basin , ppm 

0.39 
0.38 
0.39 
0.43 
0.45 
0.44 
0.37 

no . of 
first'stage 

0, episodes 
basin wide 

119 
102 
121 
117 
120 
101 
100 

no. of 
second· 
stage 0, 
episodes 

basin 
wide 

8 
7 

11 
23 
17 
15 

5 

a Taken from air quality data published by the CARB 
and the South Coast Air Quality Management District . 

There are also problems with Innes' chemical mecha
nisms and his interpretation of smog chemistry. His OH 
+ HCHO rate constant is a factor of ~4-5 too high (23) 
and, more important, N03 photolysis in daylight and the 
rapid back reaction of N20 s to N02 + N03 (7,8) were both 
ignored. The latter omission makes his eq 24-29 invalid. 
Moreover, the particular S-h irradiations he refers to are 
not (as he claims) equivalent to I-day solar irradiations. 
In fact they are only equivalent to about 50% of the total 
solar flux for a day near the summer solstice in the Los 
Angeles basin. 

Another major concern is Innes' superficial and mis
leading treatment of the possible health and ecological 
effects of N02 and nitric acid. He states that in Los An
geles "the Federal N02 exceedance (""O.OS vs. 0.05 ppm) 
appears unimportant vs. the Federal ozone exceedance 
(0.40 vs. 0.12 ppm)." He then goes on to say "This is 
particularly true because of the trade-off involved in the 
reaction NO + 0 3 - N02 + O2, together with the 10/1 
ratio for (N02) / (03) for an equivalent health effect." 

We find it remarkable that Innes compares annual au
erages for N02 (O.OS ppm vs. the AQS of 0.05 ppm) and 
then relates the result to the 1-h "Federal ozone 
exceedance". As a resident of California, he should be 
aware that the state for years has had a short-term AQS 
for N02 of 0.25 ppm hourly average. Surely for the sake 
of consistency in comparisons between ambient air quality 
data and AQS, this hourly average should have been used, 
together with the fact that during the period 1975-1980 
in the Los Angeles basin the yearly highest hourly average 
N02 concentrations ranged from 0.41 to O.Sl ppm. Clearly 
some cities in the CSCAB do indeed have a significant 
nitrogen dioxide problem; this will intensify if NO. 
emissions are increased. 

As atmospheric chemists we do not feel qualified to 
comment in detail on the health trade-offs involved in the 
NO. vs. 0 3 controversy. However, while Innes raises the 
issue, he does not explore it adequately. Thus, we feel 
compelled to cite briefly both from his references as well 
as the fmdings of other workers. First, he cites a 10/1 ratio 
for "equivalent" (NOJ/(OS> health effects from the report 
"Human Health Damages from Mobile Source Air Pollu
tion: A Delphi Study" (24). In this study a variant of the 
Delphi technique was used to arrive at a consensus judg
ment of a group of medical experts on the nature of 
dose-response relationships for photochemical oxidants 
N02 and CO. Innes does not point out that in this report 
these experts concluded (24) "In contradistinction to the 
uniformity of opinion concerning the dose-response rela
tionships for oxidant exposures, almost all of the estimates 
for nitrogen dioxide lacked significance. Group agreement 
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did not occur for any values among the normal adult, child 
or elderly population groups. This is not surprising since 
few human studies of the effect of acute exposure to ni
trogen dioxide have been performed, and these have usu
ally tested respiratory function rather than clinical re
sponse." 

It has also been reported that the "World Health Or
ganization Task Group on Environmental Health Criteria 
for Oxides of Nitrogen concurred on the 0.5 ppm adverse 
effects level and stated further that 0.1 to 0.17 ppm no 
more than once a month was consistent with protection 
of the public health" (25). 

An additional health aspect of photochemical smog is 
that not just 0 3 and N02 but also a spectrum of gaseous 
and particulate noncriteria pollutants are inhaled (9). 
These, though present in much lower concentrations, may 
have disproportionately large health impacts. The at
mospheric levels of a number of these compounds are 
directly related to NO. emissions. Nitrous acid is a key 
example and, as noted above, on Aug 8, 1980, we showed 
that its ambient concentrations near DTLA exceeded 6.5 
ppb for the entire period 0200-0700, peaking at ~8 ppb 
at 0500 (12). At present the health effects of inhaled 
nitrous acid vapor are not known. 

Also important is the fact that increased NO. emissions 
may also lead to higher levels of a spectrum of nitroarenes 
present on combustion-generated particulates. Certain of 
these nitropolycyclic aromatic hydrocarbons are strong 
direct mutagens in the Ames Salmonella typhimurium 
reversion assay. One of them, 1-nitropyrene, not only is 
a major contributor to the strong mutagenicity of extracts 
of diesel particulates (26, 27) but also has recently been 
reported to be a strong animal carcinogen (27). 

Finally, Innes' comments on the ecological impacts of 
nitric acid are so contrary to contemporary thinking and 
evidence [including very recent acid fog measurements in 
the CSCAB (19)] that they do not warrant discussion. 
Spicer's recent experimental data (17) , on the other hand, 
are highly relevant to this issue. He states "There is an 
obvious linear relationship between the two variables, 
suggesting that strategies to control nitric acid formation 
must be based on NO. emissions reduction. Limited re
duction of organic emissions, a procedure used to control 
0 3, will have little affect on the ultimate nitric acid con
centration. Strategies which allow NO. emissions to in
crease as a means of inhibiting 0 3 formation will be de
trimental due to increased downwind concentrations of 
HN03." 

In conclusion, on the basis of the best available scientific 
evidence, we remain convinced that continued strict con
trol of both NO. and HC is essential to protect both public 
health and the environment from a broad spectrum of 
impacts of photochemical smog; relaxation of NO. controls 
would be a grave error. 

Literature Cited 

(1) Glasson, W. A. J. Air. Pollut. Control Assoc. 1981,31,1169. 
(2) Chock, D. P.; Dunker, A. M.; Kumar, S.; Sloane, C. S. 

Environ. Sci. Technol. 1981, 15,933. 
(3) Innes, W. B. Environ. Sci. Technol. 1981,15,904. 
(4) Pitts, J. N., Jr.; Winer, A. M.; Darnall, K R; Lloyd, A. C.; 

Doyle, G. J. Final Report to California Air Resources Board 
Contract No. 3-107, University of California, Riverside, CA, 
1975. 

(5) Pitts, J . N., Jr., presented at the EPA Scientific Seminar 
on Automotive Pollutants, Washington, D.C., 1975, SAPRC 
Report No.2. 

(6) Winer, A. M.; Graham, R A.; Doyle, G. J .; Bekowies, P . J.; 
McAfee, J . M.; Pitts, J . N., Jr. Adv. Environ. Sci. Technol. 
1980, 10, 461. 

(7) Carter, W. P. L.; Lloyd, A. C.; Sprung, J . L.; Pitts, J . N., 
Jr. Int . J. Chem. Kinet . 1979, 11, 45. 

(8) Atkinson, R ; Carter, W. P. L.; Darnall, K R; Winer, A. 
M.; Pitts, J. N., Jr. Int . J. Chem. Kinet. 1980, 12, 779. 

(9) Tuazon, E. C.; Winer, A. M.; Pitts, J . N., Jr. Environ. Sci. 
Technol. 1981, 15, 1232. 

(10) Finlsyson, B. J .; Pitts, J. N., Jr. Science (WlI8hington, D.C.) 
1976,192, 111. 

(11) Finlayson-Pitts, B. J.; Pitts, J. N., Jr. Adv. Environ. Sci. 
Technol. 1977, 7, 75. 

(12) Harris, G. W.; Carter, W. P. L.; Winer, A. M.; Pitts, J. N., 
Jr.; Platt, U.; Perner, D. Environ. Sci. Technol. 1982,16, 
414. 

(13) Platt, U.; Perner, D.; Harris, G. W.; Winer, A. M.; Pitts, 
J. N., Jr. Nature (London) 1980,285,312. 

(14) Carter, W. P. L.; Atkinson, R; Winer, A. M.; Pitts, J. N., 
Jr. Int. J. Chem. Kinet. 1981, 13, 735. 

(15) Carter, W. P. L.; Atkinson, R; Winer, A. M.; Pitts, J . N., 
Jr. Int . J. Chem. Kinet., in press. 

(16) Carter, W. P. L., presented at EKMA Workshop, U.S. 
Environmental Protection Agency, Research Triangle Park, 
NC, 1981. 

(17) Spicer, C. W., submitted for publication in Environ. Sci. 
Technol. 

(18) Hendry, D. G.; Kenley, R A. J. Am. Chem. Soc. 1977, 99, 
3198. 

(19) Waldman, J . M.; Munger, J. W.; Jacob, D. J .; Flagan, R 
C.; Morgan, J . J .; Hoffmann, M. R. Science (Washington, 
D.C.), in press. 

(20) Kapiloff, L. "The Acid Deposition Act of 1982"; California 
Assembly Bill 2752, 1982. 

(21) Lloyd, A. C.; Lurmann, F. W.; Godden, D. A.; Hutchins, 
J . F.; Eschenroeder, A. Q.; Nordsieck, R. A. "Development 
of the ELSTAR Photochemical Air Quality Simulation 
Model and Its Evaluation Relative to the LARPP Data 
Base"; Environmental Research and Technology Document 
P-5287-500, 1979. 

(22) Whitten, G. Z., paper presented at EKMA Workshop, U.S. 
Environmental Protection Agency, Research Triangle Park, 
NC,1981. 

(23) ·Chemical Kinetic and Photochemical Data for Use in 
Stratospheric Modeling"; Evaluation No. 4, NASA Panel 
for Data Evaluation, Jet Propulsion Laboratory, Pasadena, 
CA, Publication 81-3, Jan 15, 1981. 

(24) Leung, S.; Goldstein, E.; Dalkeg, N. "Human Health 
Damages from Mobile Source Air Pollution: A Delphi 
Study"; EPA-600j 5-78-016a, 1978, Vol. 1. 

(25) Goldsmith, J. R; Friberg, L. T. In "Air Pollution", 3rd ed.; 
Stem, A., Ed.; Academic Press: New York, 1977; Vol. II, 
pp 458-610. 

(26) Pitts, J. N., Jr.; Lokensgard, D. M.; Harger, W.; Fisher, T. 
S.; Mejia, V.; Schuler, J. J.; Scorziell, G. M.; Katzenstein, 
Y. A. Mutat. Res. 1982, 103, 241. 

(27) Ohgaki, H.; Matsukura, N.; Morino, K; Kawachi, T .; 
Sugimura, T .; Morita, K; Tokima, H.; Hirota, T. Cancer 
Lett. 1982, 15, 1. 

James N, PHts, Jr.,· Arthur M. Winer 
Roger Atkinson, William P. L. Carter 

Statewide Air Pollution Research Center 
University of Califomia 
Riverside, Califomia 92521 

SIR: In response to the statements of Pitts et al. relative 
to my paper (Environ. Sci. Technol . 1981, 15, 904) I wish 
to make the following comments: 

Background effects due to glass wall chamber surfaces 
appear to increase photooxidation rather than decrease it 
as evidenced in general by excess NO photooxidation with 
a clean chamber vs. gas-phase predictions. Chamber ozone 
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levels would be expected to be high rather than low. Such 
background effects in any case would not be expected to 
significantly alter relations between NO. and ozone levels. 

The effects of NO. emissions on PAN are covered in our 
ref 17, where it was shown on the basis of Pitts' chamber 
work that PAN formation decreases with initial NO. levels 
at HC /NO. corresponding to Los Angeles emissions. More 
data showing this were recently reported by Glasson 
(American Chemical Society Meeting, April 1982). 

Pitts et al. admit that adverse effects from the very low 
levels of nitric and nitrous acids in the atmosphere have 
not been demonstrated. The 8 h HNOa work place 
standard per the Government Industrial Hygienists is 2 
ppm vs. a peak value of a few ppb in the atmosphere per 
Pitts et al., while nitrous acid is not listed as a toxic 
pollutant (1981-1982 Handbook of Chemistry and 
Physics"; CRC Press). 

The biological effects of such acids (e.g., oxidation of cell 
wall lipids), whether present as gas or fog, depend on the 
buffering capacity of biological fluids, since they are strong 
oxidizing agents only at a low pH. Buffering capacity 
probably far exceeds inhaled acidity (~0.1 mg of 
HNOa/day) from these components under worst condi
tions. The ammonia content of expired air is equivalent 
to 0.26-19 mg/day HNOa (Larson, T. V.; et al. Science 
(Washington, D.C.) 117, 1977, 161) if breathing rate is 
taken as 10 rna/day. 

We are indebted to Pitts et al. for the update on ozone 
levels. The primary point I wished to make was that NO. 
controls had offset the benefits of HC controls, and this 
conclusion still seems justified. Decreased driving because 
of higher fuel costs in this period also needs consideration 
in analyzing recent trends. 

The rate constant used by us for the reaction HCHO + 
OH is higher than the reported literature value. Reasons 
for this are discussed in ref 7. The value is based on 
HCHO disappearance on irradiation and does not consider 
other HCHO rllactions (e.g., HCHO photolysis). 

As indicated in our article, treatment of reactions in
volving NOz, Oa, OH, NOa, and NZ0 5 was not intended to 
be rigorous. Not enough information on rate constants and 
concentrations for the various reactants are available for 
this. However, the assumptions made do appear to lead 
to a fairly good data fit. 

The paper deals with metropolitan centers throughout 
the U.S. so that it is more appropriate to consider national 
than state air standards. The California I-h standard of 
0.25 ppm NOz was established 12 years ago on the basis 
of emphysema health risk inferred from studies on rats 
rather than any human effects. Later animal work showed 
emphysema effects only at much higher levels (~30 ppm). 
No formal review of the NOz air standard appears to have 
been made even though extensive work has failed to show 
significant human health effects below 1-2 ppm. The 10/1 
ratio (NOz/Oa) for equivalent health effects still seems 
valid based on much additional information. Industrial 
hygienists still have an 8-h work-place standard of 5 ppm 
for NOz vs. a 0.1 ppm standard for Oa. Harmful effects 
that have been found at high NOzlevels (oxidation of cell 
wall lipids) would not be expected at lower levels even on 
a proportional basis because of the extreme effect of pH 
on nitrate or nitrite oxidation potential (see above). 

With respect to multiday episodes, nighttime effects, 
etc., negating the conclusions that NO. controls are 
counterproductive, it is pertinent that Pitts' studies sub
stantially took this into account by using a surrogate or
ganic composition that included a major formaldehyde 
fraction. Limited tracer studies do not appear to show that 
leftover products are a major organic component, while 

initial ozone level is near zero for all days. 
Although total radiation involve in Pitts 6-h runs is 

about half the theoretical maximum for the summer 
solstice, several factors combine to make the effective 
average irradiation during the summer-fall smog season 
much less. These include the following: downwind 
emissions, which are exposed to less radiation than initial 
components; radiation absorption by smog, fog, and clouds; 
increased zenith angle after the summer solstice. The 
studies of Jeffries et al. and Stephens et al. analyzed in 
our ref 7 show that 6 h of irradiation under Pitts et al. 
chamber conditions has about the same effect on NO ox
idation as the radiation from one typical "sunny" sum
mer-fall day. 

In regard to ecological impacts of nitrates, it now seems 
very clear from several papers presented at the recent Las 
Vegas Spring American .Chemical Society Meeting that 
such compounds have no long-term adverse effect on lake 
pH because they are rapidly assimilated by vegetation 
(ACS Division of Environmental Chemistry; Abstr 22, 500, 
530; American Chemical Society: Washington, D.C., 1982). 
Rather nitrates are beneficial because they act as impor
tant plant nutrients. This view is further supported by 
McLean (JAPCA, 1981,31,1184-1187). Sierra lakes show 
essentially no change from near neutral pH in the last 16 
years (Calif. Agric., 1981 May-June). 

Purad Inc. 
724 Kilbourne Dr. 
Upland. California 

W. B. Innes 

SIR: Since we also are concerned about the environ
mental air quality and health in the Los Angeles (LA) 
Basin if a less than optimum pollution control strategy 
were pursued, we feel obligated to reply to the preceding 
comments of Pitts et al. (1) concerning our earlier article 
(2). The major conclusion we reported was simply this: 
a reduction of the vehicular NO. emission standard (from 
1.0 to 0.4 g/mi) for the purpose of controlling ozone (Oa) 
in the LA Basin would be counterproductive because it 
would likely lead to higher ozone both in LA and along the 
entire downwind corridor to San Bernardino. We feel that 
this central conclusion and the scientific evidence sup
porting it stand unshaken. In their comments, Pitts et al. 
(1) cite three separate articles. This reply, however, will 
be restricted to those comments pertinent to our work, 
which was independent of that reported by Glasson (3) and 
by Innes (4). 

Pitts et al. (1) never challenge our basic conclusions. 
Instead, they raise the following issues: (1) adequacy of 
the ELST AR model; (2) the interpretation of modeling and 
smog chamber results, in general; (3) acid precipitation; 
(4) health effects of pollutants. We shall address the first 
two issues in detail, and we shall comment on the last two 
issues, though these two issues 'are beyond our present 
fields of expertise (as well as those of Pitts et al. (1» . 

(1) The Adequacy of the ELSTAR Model. Pitts et 
al. (1) contend that we have applied a model of limited 
reliability to the California South Coast Air Basin 
(CSCAB). However, the procedure followed in developing 
the ELST AR model gives us confidence that this model 
is applicable to and reliable for the CSCAB. Lloyd et al. 
(5) first developed and tested the ELST AR chemical 
mechanism alone with smog chamber data from the 
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University of California at Riverside. They then used 
ambient CO data collected in the CSCAB during the Los 
Angeles Reactive Pollutant Program (LARPP) to refine 
and test the meteorological submodel. Finally, predictions 
of the complete model (emissions, meteorological, and 
chemical submodels) were compared against the 0 3, NO, 
and N02 ambient measurements taken during LARPP. 

LARPP was specifically designed for testing Lagrangian 
or trajectory models such as ELSTAR. Zak (6) has re
viewed LARPP and Calvert (7,8) and Angell et al. (9, 10) 
have analyzed sections of the data. During a LARPP day, 
a parcel of air, marked by tetroons, was followed through 
the LA Basin. Measurements of the concentrations of 
different chemical species in the air parcel were made by 
helicopter from 60 to 250 m and occasionally to 400 m. 
These measurements plus the measurements at the surface 
stations provide a data base for the LA Basin with un
usually good vertical resolution. Generally, model results 
can be compared only against surface measurements (11, 
12). For ELSTAR, however, model results were compared 
against the combined surface and elevated measurements 
of LARPP, which is a more stringent test of the model 
than a comparison against surface measurements alone. 
Thus, ELSTAR has been validated against ambient data 
for the CSCAB so that in our application of this model we 
are not simply extrapolating smog chamber data to the 
atmosphere. 

Pitts et al. (1) criticize the chemical mechanism em
ployed in ELST AR "as being outdated and deficient in 
several respects", but they do not offer any specific argu
ments or evidence to support their claim. Recently, we 
(13) compared the ELSTAR mechanism with the EPA (14, 
15), the Falls, Seinfeld, and McRae (12, 16), and the carbon 
bond II (17, 18) mechanisms for standard and city-specific 
EKMA conditions (19,20). Under these conditions all four 
mechanisms showed inhibition of 0 3 formation by NO .. 
but the other mechanisms actually showed more inhibition 
than the ELST AR mechanism. This suggests that the 
results reported in our earlier article (2) would be quali
tatively the same had we employed the EPA, the Falls, 
Seinfeld, and McRae, or the carbon bond II mechanism, 
rather than the ELST AR mechanism, in our trajectory 
simulations. 

Pitts et al. (1) criticize our simulation of only single-day 
events, which they claim ignores the impact of day-to-day 
carryover of pollutants. Actually, the effect of day-to-day 
carryover is incorporated in the initial conditions in the 
daytime simulation. Therefore, if reliable initial conditions 
for the reactants are available, there is no reason to require 
a model to first demonstrate its ability on multiday sim
ulations before being considered acceptable. Since there 
are no regular upper-level measurements of major pollu
tants (let alone other trace species) anywhere at any time 
of the day, the determination of the initial conditions in 
a daytime simulation is, in fact, quite difficult. Indeed, 
a multiday model simulation is an attempt to reduce the 
impact of uncertainties in the initial conditions (of the first 
"ay) on the pollutant concentrations of the second and 
subsequent days. However, a multiday simulation has 
problems of its own. In particular, knowledge of nighttime 
pollution chemistry is minimal; it is not clear whether 
switching off the photochemistry is sufficient to describe 
the nighttime reactions since reactions that can be ignored 
during the day may become dominant at night. Secondly, 
it is not yet clear how extensively numerical errors accu
mulate in a multiday simulation. We are aware of and 
concerned about the initial-condition problem. This is why 
we chose Oct 15, 1973, as one of the days in our study since, 
on that day, elevated measurements of many chemical 

species were available as part of the LARPP study. These 
measurements provided us with guidelines in specifying 
realistic initial conditions. 

Pitts et al. (1) emphasize that the early morning con
centrations of HCHO, higher aldehydes, HONO, and 
peroxyacetyl nitrate (PAN) are important in determining 
the results of atmospheric simulations. In our paper, we 
describe our procedure for estimating the initial concen
trations of HCHO and higher aldehydes and list the initial 
concentrations used for these species in the base-case 
simulations. The initial concentrations of HONO and 
PAN are not supplied by the user of ELST AR. Instead, 
ELSTAR computes the initial concentrations of HONO 
and PAN at each vertical elevation from steady-state re
lations involving the initial concentrations of other species 
(5) . For our base-case simulations, the initial HONO 
concentration at ground level was 0.2 ppb for trajectory 
073115 and 1.7 ppb for trajectory 101517, and the initial 
concentrations decreased with increasing elevation. Re
cently, Harris et al. (21) measured maximum predawn 
HONO concentrations ranging from 0.4 to 8.0 ppb in the 
LA Basin. Both Harris et al. (21) and Platt et al. (22) 
found that the HONO concentration declined very rapidly 
after sunrise to levels below their detection limit (about 
0.2 ppb). Since our trajectory 073115 began 105 min after 
sunrise and trajectory 101517 began 50 min after sunrise, 
the initial HONO concentrations used in our simulations 
are consistent with the measurements of Harris et al. (21) 
and Platt et al. (22). The initial PAN concentrations ob
tained by ELSTAR from the steady-state relations are 
quite low, less than 0.4 ppb for the base cases. However, 
these concentrations are consistent with the measurements 
of Tuazon et al. (23). On Oct 13, 1978, a day on which the 
peak 0 3 was 454 ppb, Tuazon et al. (23) found the PAN 
concentration to be below their detection limit (3 ppb) 
from 0430 to 0700 PST. 

Pitts et al. (1) further state that stratification of pollu
tants under stable conditions cannot be simulated by 
models validated against smog chamber data. In actual 
fact, only the <!hemical submodel of an airshed model is 
validated against smog chamber data, and it is the me
teorological submodel,not the chemical submodel, that is 
responsible for describing pollutant dispersion, including 
stratification. 

Pitts et al. (1) point out many discrepancies between the 
model's base-case predictions and the "actual" air quality 
data. As described fully in our paper (2), ambient data 
from one to three nearby monitoring sites were interpo
lated, both in space and in time, to produce rough pollu
tant estimates at the 'hourly locations along the trajectories. 
The quality of the estimates actually deteriorates for 
primary pollutants such as CO and NO, which are sensitive 
to local sources. One should also realize that measurement 
errors add further uncertainties to the interpolated pol
lutant concentrations. For ozone, calibration errors alone 
for instruments used in the early 1970s were about 15% 
(12). 

Pitts et al. (J) claim to have found significant discrep
ancies between the interpolated values and model pre
dictions even for primary pollutants and go on to conclude 
that one cannot have "a great deal of confidence" in the 
model predictions for the secondary pollutants. Unfor
tunately, while they profess to give the reader some per
spective on what constitutes good and acceptable agree
ment, they clearly show bias by choosing examples that 
indicate only underpredictions by the model. They com
pare the predicted and interpolated values for specific 
hours, but one should also look at the range of concen
trations involved. For example, both the predicted and 
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Table I. Performance Statistics of Current Airshed Models Applied to the CSCAB 

std devb about 
carr mean of the mean of 

pollutant model data base" coeff residuals, ppm residuals, ppm 

0, ELSTAR 6 LARPP days 0.84 0.0172 0.0197 
Caltech 6/26-27/74 0.89 -0.0019 0.0382 
SAl 6/26/74 NAd 0.03364 0.04414 

6/27/74 NA 0.00898 0.04192 
NO, ELSTAR 7 LARPP days 0.49 0.0270 0.0387 

Caltech 6/26-27/74 0.67 -0.0078 0.0348 
SAl 6/26/74 NA -0.02414 0.02976 

6/27/74 NA -0.02550 0.03427 
Noe ELSTAR 7 LARPP days 0.62 0.0223 0.0350 
coe ELSTAR 6 LARPP days 0.55 0.20 0.95 

" The data selected for calculating the statistics vary from model to model, and this may affect comparisons between 
models. For example, inclusion of nighttime data tends to improve the performance statistics of a model. The statistics 
for the ELSTAR model use only daytime data. The statistics for the Cal tech model use both daytime and nigh ttime data. 
The 0, statistics for the SAl model use only periods with observed 0, concentrations greater than or equal to 0.08 ppm. 
b For the ELSTAR model, standard deviation about the mean of residuals is unavailable; instead, the mean of absolute reo 
siduals is given. e No comparable statistics are available for the Caltech and the SAl models. d Not available. 

interpolated concentrations of CO and NO remained rel
atively low and flat for trajectory 073115 (Oct 31, 1973). 
Clearly, a factor of 2 difference in the low concentration 
region (which is not at all uncommon for a current airshed 
model) is not as serious as in the high concentration region. 
That is why we consider the CO predictions acceptable. 
In the case of NO, the shapes of the predicted and inter
polated curves are similar. This additional property led 
us to conclude that the NO predictions for trajectory 
073115 were good. 

The performance statistics of current models have been 
described by their developers. Thus, ELSTAR was com
pared against the LARPP data; the Caltech (24) and SAl 
(25) models were compared against the ground-level 
measurements of June 26 and 27, 1974. Some of these 
statistics are presented in Table I. The quoted statistics 
are insufficient to characterize completely the performance 
of a model, but we do see that these models have compa
rable performance statistics. Therefore, the contention of 
Pitts et al. (1) that the ELSTAR model is poorer than the 
state-of-the-art airshed models is unfounded. 

(2) The Interpretation of Modeling and Smog 
Chamber Results. Pitts et al. (1) are concerned that we 
arrived at our conclusions on the basis of results of only 
a few hypothetical trajectories. However, the trajectories 
are realistic, and they are typical of the flow pattern in the 
CSCAB. More important, our results are a manifestation 
of the well-known NO.-inhibition effect. The 0 3 reduction 
by NO. inhibition occurs all along the trajectories because 
of the continuous exposure of air parcels to fresh NO. 
emissions. 

The inhibitory effect of NO. emissions on 0 3 levels in 
the CSCAB has also been confirmed in other studies. In 
a study done by Systems Applications, Inc. (26), for the 
California Air Resources Board, 0 3 concentrations were 
modeled for a typical high-03 day at five selected stations 
in the CSCAB. These five stations often experience high 
0 3 concentrations and the average modeled concentration 
on this day in 1974 was 0.34 ppm. With a 50% uniform 
reduction in non-methane hydrocarbon (HC) emissions, 
the average predicted concentration dropped to 0.25 ppm. 
However, when NO. emissions were reduced by 25% in 
conjunction with the 50% HC reductions, the average 0 3 
levels increased from 0.25 to 0.27 ppm. With a 50% re
duction in NO. emissions (accompanied by a 50% HC 
reduction), the 0 3 levels were 0.27 ppm, still above the 
levels achieved with just the HC emission reductions. 
Similar results were observed when NO. emissions were 
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reduced in conjunction with a 75% reduction in HC 
emissions. 

In a scenario study using a trajectory from downtown 
LA to Pasadena on June 27, 1974, Seinfeld and McRae (27) 
investigated the impact of vehicle NO. control on the peak 
0 3 concentration along the trajectory for the year 1987. 
With the HC emission level for the SCAB held fixed at 
680 tons/day in 1987 and with standard deterioration 
factors for vehicle emissions included, a 1 g/mi NO. 
standard by 1982 would give a total NO. emission level of 
1153 tons/day and a peak 0 3 of 0.30 ppm. Changing the 
NO. standard to 0.4 g/mi would change the total NO. 
emissions slightly, to 1137 tons/day, with no change in 
peak 0 3 values, but a 0.4 g/mi NO. standard with no 
deterioration would give a total NO. emission of 1063 
tons/day and an increase in peak 0 3 concentration to 0.31 
ppm. 

In a more recent work, Costanza and Seinfeld (28) 
studied optimal emission control strategies to reduce am
bient 0 3 air quality standard violations in the LA Basin. 
Optimality was defmed as minimizing a total cost function 
consisting of control cost and a cost associated with 0 3, 
They made use of a diagram relating the precursor emis
sions to the number of days with 0 3 exceeding 0.10 ppm 
and the estimated emission control costs, both developed 
by Trijonis (29). They examined the paths suitable for 
reducing only 0 3 violations. Based on a calculus of vari
ations technique, it was found that the optimal emission 
control path, in terms of control costs, calls for reductions 
in HC emissions alone and no net change in total NO. 
emissions. In another study, Stephens (30) concluded that 
control of HC is the best way to achieve 0 3 reduction. He 
further stated that since control of NO could actually 
impede progress toward 0 3 control and since 0 3 appears 
to be the more serious (of 0 3 and N02) health hazard, HC 
control should take precedence over NO control. 

The Environmental Protection Agency has recom
mended (31) the use of their Empirical Kinetic Modeling 
Approach (EKMA) for determining HC control require
ments necessary to achieve the ambient 0 3 air quality 
standard. In the EKMA approach, 0 3 isopleths are gen
erated as a function of initial HC and NO. concentrations. 
The slope of the 0 3 isopleths in the region of low HC /NO. 
ratios is a measure of the NO. inhibition effect; the greater 
the slope of the isopleths relative to the NO. axis, the 
greater the inhibition effect. The standard EKMA 0 3 
isopleths indicate a NO. inhibition effect for HC/NO. 
ratios less than about 8. 



In a number of recent papers (21, 32, 33), Pitts and 
co-workers have generated EKMA-type Oa isopleths by 
using their Statewide Air Pollution Research Center 
propene/n-butane/formaldehyde mechanism. They have 
generated Oa isopleths by assuming a continuous N02-

dependent radical source (32), various initial concentra
tions of HONO (21), and different representations of the 
HC mixture (33). It is noteworthy that in each of these 
cases, Oa isopleths indicate a substantial NO. inhibition 
effect (even more than that present in standard EKMA 
isopleths) for HC/NO. ratios as high as 15. 

Although Pitts et al. (1) have strong reservations about 
applying smog chamber results to the atmosphere, their 
concern apparently does not extend to the smog chamber 
results of Spicer (34). They quote his smog chamber re
sults at length and indulge in unwarranted extrapolation 
of those results to ambient levels in the LA Basin. Their 
quotation from Spicer that 25-50% of initial NO. can be 
converted to organic and inorganic nitrate within the first 
three hours of reaction is made without Spicer's qualifying 
remarks. For example, Pitts et al. (1) fail to mention that 
in these experiments the starting N02/NO. ratio was 0.5, 
which is not typical of morning ambient conditions. A few 
hours of photochemistry is generally required to achieve 
that ratio. In urban air, continuous injection of HC and 
NO. emissions, which was not simulated in Spicer's ex
periments, would also influence the ambient NOd NO. 
ratio. Furthermore, conversion of 25-50% of initial NO. 
in 3 h, as quoted by Pitts et al. (1), amounts to an average 
characteristic conversion time of 6.4 h and a 16% h-I 
conversion rate. This conversion rate seems too high for 
ambient conditions. For example, Calvert (35) estimated 
the NO. conversion rate to be 8% h-I for data collected 
in the LARPP study. Finally, in interpreting Spicer's 
chamber results, Pitts et al. (1) note a "good nitrogen 
balance" in those experiments and infer that the applica
tion of the results to ambient conditions will not be clouded 
by imperfectly understood chamber wall effects. However, 
it should be pointed out that this nitrogen balance was 
obtained by assuming a rather high wall loss rate of HNOa 
of 64% h-I (1.07 X 10-2 min-I). 

(3) Acid Precipitation. On several occasions, Pitts et 
al. (1) raise the issue of acid rain and acid fog. In each 
instance, no specifics are provided. It is not surprising that 
in the LA Basin, where HNOalevels of 10-30 ppb (15) have 
been observed, fogs can occasionally have rather low pH 
values. For example, an initial HNOa concentration of 15 
ppb and a fog water content of 1 g/m3 can result in a pH 
as low as 3.2. However, as the fog burns off, all the HN03 
will be transferred back to the gaseous phase barring any 
reactions with basic materials like ammonia and soil dust. 
The effects of such short-lived acidic fogs, if any, are not 
known at this time. While the role of nitric acid in the 
effects of acid precipitation is not yet definitive, existing 
information (36-38) indicates that nitrate would not lead 
to soil or lake acidification as it would be rapidly metab
olized in most ecosystems. This is because when N03- is 
biologically utilized in the watershed, there is an associated 
release of basic anions such as HC03- or OH-. 

(4) Health Effects of Pollutants. Pitts et al. (1) state 
that, as atmospheric chemists, they are not qualified to 
comment in detail on the health-effects trade-off in the 
NO. vs. 0 3 controversy. Neither are we. However, since 
they raise the issue and criticize our lack of comment, we 
feel compelled to point out (from their source (39» that 
while human health effects from 0 3 levels of 0.5 ppm have 
been documented, it is the absence of adverse effects from 
N02 1eveis up to 0.5 ppm that has also been noted. Indeed, 
if they had quoted Sterns (39) accurately on the 1977 

World Health Organization (WHO) position (40) or cited 
studies on N02 health effects from their own Statewide 
Air Pollution Research Center (41-43), we could see that 
the N02 levels at 0.5 ppm do not show adverse human 
health effects. For that reason the WHO considered a 
short-term N02 standard of 0.10-0.17 ppm to be quite 
protective (40,43). In fact, in discussing the human health 
effects of N02, a recent National Academy of Sciences 
study (44) on vehicular NO. emissions reports: "A sub
stantial series of studies fails to show any clear-cut evidence 
for effects on pulmonary function at exposures of 1 ppm 
or below." Note that N02 1eveis of 1 ppm are not reached 
in the LA Basin; even 0.5 ppm is attained as a 1-h average 
only once or twice per year. On the other hand, 0 3, which 
is 5-10 times more toxic than N02 at the same concen
tration (41), reaches 0.3 ppm in the LA Basin several times 
each year. Therefore, one cannot help but agree with 
California medical authorities that 0 3 formation "is the 
single most important health-related consequence of NO. 
emissions in the Basin" (41). Neither of the 0 3 control 
strategies discussed in our article would result in N02, 

HN03, or PAN levels as high as those produced under the 
pre-1980 vehicular emission standards; furthermore, the 
less stringent NO. standard should result in lower 0 3 levels 
in most areas of the CSCAB. 

Pitts et al. (1) go on to speculate that other nitrogen
bearing compounds may be formed as a result of NO. 
emissions and that they may (or may not) ultimately prove 
to be health hazards. Our simulations (2) did not focus 
on these compounds, none of which (as they acknowledge) 
are known to have any human health effects. We simply 
point out that the unsupported speculations by Pitts et 
al. (1) have been explored elsewhere in the literature 
(45-49) and do not constitute adequate evidence for 
stringent NO. controls. 

To summarize, we have addressed the comments of Pitts 
et al. (1) on the technical aspects of our simulation study 
and have shown these comments to be unjustified. Their 
remaining comments are, in essence, merely speculations 
on the hypothetical adverse effects of trace nitrogenous 
compounds through which they imply that NO. emissions 
should be reduced to the maximum extent possible. In so 
doing, they ignore the implications of this strategy for 0 3, 

a pollutant with recognized health effects at levels attained 
in the LA Basin. We believe that the environmental 
quality and public health of the LA Basin will suffer if, 
in controlling emissions, the overwhelming scientific evi
dence for NO. inhibition is ignored. Our simulations (2) 
and those of others (21,26,27,28,30,32,33) all show that 
ambient 0 3 concentrations are not directly proportional 
to NO. emissions and, indeed, that NO. emissions can 
inhibit 0 3 formation. We point out further that both of 
the NO. emission scenarios considered in our simulations 
assumed vehicular NO. emission standards below the 
pre-1980 standards. Our finding that the more effective 
approach to reducing 0 3 corresponds to the less stringent 
NO. emission scenario stands unaltered. 
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Sudarshan Kumar, Christine S. Sloane 

Environmental Science Department 
General Motors Research laboratories 
Warren, Michigan 48090 

SIR: This note was generated as a reply to the corre
spondence submitted by Pitta et al. in which these authors 
comment on various papers, including "Effect of Hydro
carbon and NO. on Photochemical Smog Formation under 
Simulated Transport Conditions" (Glasson, W. A. J. Air 
Pollut. Control Assoc. 1981, 31, 1169). 

Pitts et al. have criticized my work on 0 3 formation with 
the intent of weakening our arguments against NO. control 
by citing evidence on nitric acid and particulate nitrate 
formation which they interpret as supporting stringent 
NO. control. The present note comprises a rebuttal to that 
criticism and suggests a more objective approach to analyze 
evidence for or against NO. control measures. 

82 Environ. Sci. Technol., Vol. 17, No.1, 1983 0013-936X/83/0917-0062$Ol.50/0 © 1962 American Chemical Society 



Although in the words of the oft-used cliche there is 
room for honest men to disagree, the authors are at
tempting to impose their own interpretations on the reader 
as opposed to those of the primary authors. A case in point 
is the quotation from my paper (1) regarding the negation 
of the effects of HC control on 0 3 by imposition of NO. 
control. A more balanced quotation would have been my 
conclusion: "Thus, hydrocarbon control will reduce 0 3 
consistently and result in a modest N02 reduction while 
NO. will increase 0 3 in the urban areas and have little 
effect elsewhere, but will reduce N02 consistently. The 
trade-off involved with NO. control should be considered 
in public policy decisions." The point is then that decisions 
must be reached on NO. control in light of the contrasting 
effects of NO. on 0 3 and N02. 

Further, the authors make certain unfair criticisms of 
my experiments such as "data [were used) from experi
ments carried out in smog chambers under highly re
stricted and artificial conditions (e.g., irradiations at con
stant light intensity of 6-22-h duration) and readily ex
trapolate them to the ambient atmosphere." With regard 
to the effect of light intensity, the use of a constant light 
intensity for an irradiation time chosen to achieve a total 
integrated light intensity comparable to that of Los An
geles is an approximation, clearly, but work has been re
ported indicating that it is a reasonable assumption. I 
quote from the paper by Darnall et al. (2): "The data 
reported here show that irradiations carried out at constant 
light intensities will result in virtually the same 0 3 yields 
at 5-15 and 10-12 hours as irradiations carried out with a 
diurnally varying light intensity with the same total ra
diation dosage." This result was also obtained by Jaffe (3) 
and in our laboratory (4). Our diurnal light intensity 
experiments (4) also showed the same effect of HC and 
NO. as constant intensity experiments. Further, my work 
has been criticized by Pitts et aI. for readily extrapolating 
our results to the ambient atmosphere. On the contrary, 
a short section was included in ny paper discussing the 
shortcomings of the experimental model for simulating 
chemistry in the ambient atmosphere. 

Although I agree that carryover effects can influence the 
photochemical processes occurring in smog fonnation, the 
results of Harris et aI. (5) from a computer modeling study 
of the effect of early morning HONO indicate that only 
small increases in 0 3 would be expected and that the peak 
0 3 occurs at about the same irradiation time. Such per
turbations should not affect the overall conclusions of my 
paper. 

The concept of unknown radical sources that are nec
essary to obtain computer modeling fits of experimental 
data is consistent with the dirty chamber effects reported 
several years ago (6). Such effects are undoubtedly 
chamber-specific phenomena. A recent study by Sakamaki 
et al. (7) modeled the CsHs-NO. system and did not re
quire the use of an unknown radical source to achieve a 
reasonable fit. It is probably significant that the chamber 
used in the Sakamaki et al. study can be cleaned thor
oughly between experiments. The effect of such extra
neous radical sources on the dependence of 0 3 formation 
on HC and NO. concentrations is still open to question. 

With regard to the authors' comment that no PAN or 
HN03 data were reported in my paper, this is clearly 
correct. However, the results from this laboratory of the 
study done with diurnal light intensity (4) variation include 
data for PAN. It was found that the effects on PAN 
closely parallel the effects of HC and NO. on 0 3 formation, 
i.e., HC reduction reduces PAN at all NO. levels studied 

while NO. reduction can increase or have little effect on 
PAN depending on the HC concentration. 

The authors cite the work of Spicer et al. (8) and state 
that "for a given HC mix, there was a linear relationship 
between (HNOJ .... and initial NO. concentrations." This 
is only partially true, since Spicer's .data show a linear 
dependence of (HN03) .... on (NO.)o up to 0.45 ppm NO. 
(4.5 ppmC NMHC) and up to 0.3 ppm NO. (1.5 ppmC 
NMHC). The authors further quote Spicer: "At HC/NO. 
ratios typical of morning conditions in many cities, i.e., 
about 5-10, 25-50% of the initial NO. can be converted 
to org. and inorg. nitrate within the first 3 h of reaction." 
The next sentence in Spicer's paper reads "The chamber 
experiments started with a N02/NO. ratio of 0.5, which 
would typically require about 2 h of reaction to achieve 
in urban air, so these Fn values (fractional conversion of 
NO. to products) are probably more representative of 
urban air after about 5 h of irradiation." Thus, conversion 
of NO. to products occurs more downwind of the urban 
area than represented by the authors, and dilution of the 
transported air mass becomes more significant. 

The authors' statement that "increasing NO. emissions 
will ultimately lead to a proportionate increase in nitrate 
levels" is an oversimplification of the situation since 
Spicer's data (8) show a less than linear dependence of 
[(HN03) .... + (PAN) .... ) on the initial NO. concentration 
at NO. and HC concentrations of atmospheric interest 
(0.1-{).6 ppm NO. and 1.5 annd 4.5 ppmC NMHC). 

I generally agree that the ultimate fate of NO. in the 
atmosphere is nitric acid and/or particulate nitrate. 
However, it is important to consider how fast NO. is 
converted to these species and, therefore, what segment 
of the population is being exposed to them. It has been 
demonstrated in my work (1) that effective control of 0 3 
fonnation can be achieved through HC reduction but that 
NO. reduction may be counterproductive for 0 3 control. 
In addition NO. reduction may not decrease and could 
possibly increase population exposure to nitric acid and 
nitrates. It would be appropriate to test the effects of 
various control strategies by using available atmospheric 
models in order to arrive at an optimal control strategy. 
Thus my original conclusion: "The trade-off involved with 
NO. control should be considered in public policy 
decisions" is still pertinent to this important issue. 
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Comment on "Approach to Forecasting 
Dally Maximum Ozone Levels In St. 
Louis" 

SIR: The article by Prior et aI. (1) which appeared in 
the April 1981 issue of Environmental Science and 
Technology makes some significant technical contributions 
that merit discussion. 

The authors' statement that "a test of the effectiveness 
of ... la) .. . forecasting model is to examine the ability 
of the model to predict ozone episodes" is true. They 
should have been more emphatic-it is the test of any 
ozone model. The fact that they clearly recognize "ozone 
episodes" as being distinct and important events and en
deavor to deal with them is in itself a significant contri
bution. In too many cases there has been a tendency to 
relegate episodic days to the realm of "outliers" and simply 
ignore them. Yet from both theoretical and legal stand
points they are the ballgame. 

I also billieve that the authors' finding that the best 
regressior, variable for predicting daily maximum ozone 
is the ozone concentration at 9:00 A.M. is important. I 
have approached the same problem by looking for a cor
relation between maximum daily downwind plume ozone 
with maximum daily upwind ozone or "side" ozone (Le., 
adjacent rural maxima) with some success. 

It is my thesis that the atmospheric photochemical 
process is limited by the supply of free radicals with suf
ficient energy to attack hydrocarbons and sustain a chain 
oxidation process. Ozone via several mechanisms can yield 
such radicals. Therefore, the supply of input ozone can 
control the level of photochemical activity and the max
imum concentration of secondary ozone that develops 
downwind. Input ozone either can be of stratospheric 
origin or can be transported from elsewhere. This thesis 
in no way exonerates anthropogenic pollutants as also 
being essential for the generation of high levels of down
wind plume ozone. 

This view does, however, change one's perception of the 
factors that limit the ozone on any given day. The almost 
total failure of episodic ozone maxima to correlate with 
either hydrocarbon or NO. precursor concentrations in 
numerous studies simply points out that some other 
variable controls. It also explains the near total failure of 
hydrocarbons abatement to reduce ozone. If hydrocarbons 
are 100fold in excess, reducing the excess to 5-fold will have 
little or no effect. This is particularly true if the real 
limitation on the process is free-radical population as 
controlled by input ozone. The rmding of Prior et aI. that 
9:00 A.M. ozone is the best independent predictive variable 
is certainly consistent with this thesis. Ozone at 9:00 A.M. 
is a measure of "input ozone". 

I do take issue with these authors when they suggest that 
a St. Louis episode might be attributed to the passage of 
incoming air over "the massive emission sources of the 
Ohio Valley". While there is probably validity in claiming 
the Ohio Valley to possess massive emission sources of TSP 
or S02' the claim is far less supportable for NO. or hy
drocarbons. 

Blaming ozone episodes on transport has been popular 
recently. Thus Minnesota partisans blame a 140 ppb level 
observed in 1980 on Chicago, and authors speaking for the 
Northeast blame everything West-even Texas; and now 
Prior et aI. in analyzing St. Louis point the finger at the 
Ohio Valley. Of course these views are politically popular 
but to date are supported by little scientifically solid ev
idence. 

Few authors appear to have a true perspective of the 
vastness of the continental atmosphere when compared 
to that of the urban areas or of the potential of the at
mospheric cleansing and dilution processes. 

Anthropogenic hydrocarbons and NO. simply cannot be 
transported for several hundred miles over one or more 
days elapsed time and arrive at concentrations capable of 
generating ozone levels significantly above the current 
standard such as found in and downwind of urban areas. 

Neither can ozone at such concentrations be transported 
for such distances in the surface boundary layer. Dilution 
and destruction serve to substantially obliterate ozone 
plumes within 100 miles or less. Thus, except for urban 
areas in close proximity, one must accept the fact that high 
levels of photochemical ozone are derived from local 
pollutants. 

In pollution-free atmospheres well above the surface of 
the earth, ozone itself is long lived. Thus ozone can at 
times survive along distance transport-but not at major 
concentrations. There is no way atmospheric dilution 
processes can be avoided. 

Such transported ozone, while insignificant in concen
tration when compared to that found during episodes in 
downwind urban plumes, can be significant when com
pared to minimum ozone background levels. Thus 
transported ozone could increase a background of 50 ppb 
to perhaps 80 or even 100 ppb. This ozone in turn would 
increase background free-radical concentrations and the 
intensity of the photochemical smog process in polluted 
areas. Thus claimed instances of ozone transport may in 
reality be initiation phenomena. 

The thesis that the influx of stratospheric ozone initiates 
surface photochemistry via free-radical processes has re
ceived more attention and rests on more substantial evi
dence. It is probable that widespread ozone episodes are 
the consequence of the widespread influx of stratospheric 
ozone behind cold fronts and in the back side of high
pressure air masses, not merely due to the direct transport 
of ozone. 

Registry No. 0 3, 10028-15-6. 
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"WHEN IT CAME TO PERMITTING 
OUR DEMONSTRATION PLANT, 
IT PAID TO HAVE ERT ON OUR TEAM!" 

- Peter Garside, Manager, KILnGAS Engineering, Allis-Chalmers Coal Gas Corporation 

"When we began work on our coal 
gasification project, it didn't take us long 
to realize that we'd need an innovative 
environmental consultant to guide us 
through the regulatory maze. Permitting 
for this project would be tough. We were 
developing forefront technology, and 
both the emissions and the emerging 
environmental regulations were uncer
tain. We needed a company with solid 
process engineering and environmental 
skills to tackle these emerging issues. 
We turned to ERT. 

"Right from the start ERT became a key 
member of our team. They recommended 
additional data needs and together, we used 
these data to define the most direct air per
mitting strategies to satisfy the emerging 
requirements. Then, ERT guided our plan 
through the state agency to win the critical 
permits we needed for construction, right 
on schedule. 

"ERT also worked with us on wastewater 
and solid/hazardous waste control. They 
saved us significant capital costs, by working 
out an agreement with the local municipality 
to treat our wastewater. ERT did the analysis 
work, evaluated the performance ofthi: city's 
waste treatment facility and handled the 
negotiations that led to an agreement, 
which saved us from having to build our 
own treatment facility. 

"From R&D right through to plant 
construction, ERT helped,us meet the 
environmental challenges. We're continuing 
to use ERT as an integral part of our team 
and to help keep the environmental issues 
in focus for this project as we move into 
the future." 

For everyone who recognizes !he value 
of doing the job right the first time, ERT 
is the firm to call. With offices in Atlanta, 
Boston, Chicago, Denver, Houston, Los 
Angeles, Pittsburgh and Washington, D.C., 
we know your territory. For fast action, 
call: S. Lambert, ERT, 696 Virginia Road, 
Concord, MA 01742, (617) 369-8910, 
Ext. 473. 

ERT 
a step ahead 
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